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ABSTRACT
A POST-PNEUMONIA EPIZOOTIC EVALUATION OF THE RAPID CITY, SOUTH
DAKOTA BIGHORN SHEEP HERD
AMANDA ENSRUD
2022
Pneumonia is a major factor affecting populations of free-ranging bighorn sheep (Ovis
canadensis) across western North America. Pneumonia can occur in large-scale
epizootics, during which greater than half of the population typically dies. After these
epizootics, surviving ewes continue to conceive and bear lambs. However, lamb
recruitment may remain low due to periodic or annual pneumonia outbreaks causing high
lamb mortality rates, sometimes greater than 90%. Our study focused on the Rapid City,
South Dakota bighorn sheep (BHS) herd that has recorded pneumonia-induced
population decline since 2009. The first objective was to improve lamb health and
survival by identifying and removing individuals that chronically carry the pathogen
(Mycoplasma ovipneumoniae [Movi]). A previous study that treated the Custer State
Park, South Dakota BHS herd during 2016–2017 with the same techniques successfully
eliminated chronic Movi carriers and increased lamb recruitment. We treated the Rapid
City BHS herd from January 2018 to November 2020. We tested individual BHS for
Movi upper respiratory infections using real-time polymerase chain reaction (RT-PCR)
and exposure to Movi by a competitive enzyme-linked immunosorbent assay (ELISA). If
individual sheep tested positive via RT-PCR for the presence of Movi twice
consecutively it was considered a chronic carrier and was removed from the herd. We
identified an intermittent carrier as testing positive and negative on different occasions
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and non-carriers as testing negative for every test. We identified patterns of Movi
carriage using Movi testing data from 2016–2020 and deemed individuals as chronic,
intermittent, or non-carriers. Over the course of the study, we removed four chronic and
five intermittent carriers, and our results suggested that removing intermittent carriers
may be necessary to reduce or eliminate Movi persistence in a BHS herd. We monitored
the survival of lambs prior to and during carrier removal and our analysis indicated that
carrier removal increased lamb survival up to six months in both sub-herds in the Rapid
City BHS herd (Spring Creek survival prior to removal= 35.3% [95% CI 15.5%, 56.6%],
Spring Creek Survival during removal= 75.5% [95% CI 51.4%, 91.3%]; Rapid Creek
survival prior to removal= 8.54% [95% CI 0.45%, 27.4%], Rapid Creek survival during
removal= 50.8% [95% CI 28.3%, 72.6%]). Subsequent field testing revealed that we
removed all known chronic carriers from the herd and thereafter we documented no
pneumonia-related mortalities supporting previous conclusions that carrier removal can
increase lamb survival and health. The second objective was to quantify the body
condition, diet quality, and diet composition of the ewes (14) in the Rapid City BHS herd
post-pneumonia epizootic to better understand the current herd productivity to use as a
baseline for future management. Further, we focused on how a ewe's lactation status (i.e.,
lactating or not lactating) affected its digestive capabilities and diet selection. We
collected data from March–August 2020. We used ultrasonography technology and body
palpations to obtain body condition data and assessed diet quality and composition
through percent fecal nitrogen and metabarcoding analyses, respectively. No significant
relationships were found in the body condition and diet data collected. However, we
identified that browse species were the primary forage consumed, making up 86.8% of
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lactating ewe samples and 58.3% of non-lactating ewe samples. This study represents the
first attempt to understand the potential effects of nutritional condition post-pneumonia
epizootic and provided an additional case study that illuminates diet composition
differences between lactating and non-lactating ungulates.
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CHAPTER 1:
FURTHER EVIDENCE THAT THE REMOVAL OF MYCOPLASMA
OVIPNEUMONIAE CARRIER BIGHORN SHEEP INCREASES LAMB SURVIVAL.

Amanda Ensrud

This chapter is being prepared for publication and is coauthored by Daniel P. Walsh,
E. Frances Cassirer, Chadwick P. Lehman, and Jonathan A. Jenks.
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ABSTRACT
Pneumonia is a major factor affecting populations of free-ranging bighorn sheep (Ovis
canadensis) across western North America. Pneumonia can occur in large-scale
epizootics, during which greater than half of the population typically dies. After these
epizootics, surviving ewes continue to conceive and bear lambs. However, lamb
recruitment may remain low due to periodic or annual pneumonia outbreaks causing high
lamb mortality rates, sometimes greater than 90%. The core objective of this study was to
improve lamb health and survival by identifying and removing individuals that
chronically carry the pathogen (Mycoplasma ovipneumoniae [Movi]). A previous study
that treated the Custer State Park, South Dakota, bighorn sheep (BHS) herd with the same
techniques during 2016–2017 successfully eliminated chronic Movi carriers, resulting in
increased lamb recruitment. In this study, we removed chronic carrier BHS from the
Rapid City, South Dakota herd from January 2018 to November 2020. We tested
individual BHS for Movi upper respiratory infections using real-time polymerase chain
reaction (RT-PCR) and exposure to Movi by a competitive enzyme-linked
immunosorbent assay (ELISA). If individual sheep tested positive via RT-PCR for the
presence of Movi twice consecutively it was considered a chronic carrier and removed
from the herd. We identified an intermittent carrier as testing positive and negative on
different occasions and non-carriers as testing negative for every test. We identified
patterns of Movi carriage using Movi testing data from 2016–2020 and categorized
individuals as chronic, intermittent, or non-carriers. Overall, we removed four chronic
and five intermittent carriers, and our results suggested that removing intermittent carriers
may be necessary to reduce or eliminate Movi persistence in a BHS herd. Subsequent
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testing revealed we had successfully removed all known chronic carriers from the herd.
We monitored survival of lambs prior to and during carrier removal and our analysis
indicated that carrier removal decreased the hazard of Movi infections in lambs ( -1.4 [CI
-2.3, -0.5]), which corresponded to an increase in lamb survival up to six months in both
sub-herds included in this study (Spring Creek survival prior to removal= 35.3% [CI
15.5%, 56.6%], Spring Creek survival during removal= 75.5% [CI 51.4%, 91.3%];
Rapid Creek survival prior to removal= 8.54% [CI 0.45%, 27.4%], Rapid Creek survival
during removal= 50.8% [28.3%, 72.6%]). Additionally, the probability of a pneumoniarelated mortality decreased in lambs (Probabilitypre-treatment=46.0% [CI 22.4%, 71.4%];
Probabilityduring-treatment=12.8% [CI 0.0%, 44.9%]. After carrier removal we documented
no pneumonia-related mortalities supporting previous conclusions that carrier removal
can increase lamb survival and health. We recommend the application of the test and
removal methodology used in this study to elliminate persistent Movi infections in
freeranging BHS herds.
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INTRODUCTION
Pneumonia in bighorn sheep (Ovis canadensis) has negatively impacted wild
herds throughout North America; populations were estimated at 1.5–2 million bighorn
sheep (BHS) at the beginning of the 19th century and declined to less than 40,000 by the
early 1980s (Seton, 1929; Buechner, 1960; Foreyt and Jessup, 1982). Although
unregulated hunting and habitat degradation played significant roles in their past decline,
disease is believed to be the primary cause of mortality of past and current declines
(Foreyt and Jessup, 1982; Cassirer et al., 2018). Pneumonia epizootics can affect all age
classes and vary substantially in severity, causing a 5–100% population decline, followed
by poor recruitment that impedes population recovery (Besser et al., 2013; Cassirer et al.,
2018).
The etiology of BHS pneumonia disease has been debated for almost a century.
Primary causal agents have been hypothesized as lungworms (Protostrongylus spp.)
(Marsh, 1938; Buechner, 1960; Forrester, 1971), Pasterellaceae bacteria, particularly
Mannheimia haemolytica (formerly Pasteurella haemolytica) (Foreyt and Jessup, 1982;
Dassanayake et al., 2010), and the bacterium Mycoplasma ovipneumoniae (Movi) (Besser
et al., 2008, 2012a, 2012b, 2013; Plowright et al., 2017; Cassirer et al., 2018).
Contemporary research suggested a polymicrobial pneumonia disease with Movi as the
primary causal agent, accompanied by other simultaneous respiratory infections (Besser
et al., 2013, 2014; Heinse et al., 2016; Cassirer et al., 2018). Movi was first identified in
1972 as a pneumonia-causing respiratory pathogen of domestic sheep (Ovis aries)
(Carmichael et al., 1972). Domestic Caprinae species, primarily domestic sheep and goats
(Capra hircus), are considered reservoirs of Movi which spills over to BHS (Besser et al.,

5
2012a, 2013; Heinse et al., 2016; Kamath et al., 2019). Besser et al. (2012a) summarized
results of eleven experimental domestic sheep and BHS commingling studies, where 98%
of the BHS died of pneumonia within 90 days and the domestic sheep did not exhibit
clinical signs. Further, comingling these species in the absence of Movi resulted in a
dramatic higher BHS survival (75%) compared to comingling in the presence of Movi in
domestic sheep (Besser et al., 2012a).
Movi is spread from infected individuals through direct contact and indirectly by
aerosolized particles traveling ≤ 30 meters (Besser et al., 2014; Felts, 2020). Movi can
cause ciliostasis and ciliary sloughing in the trachea and bronchi, inhibiting the
mucociliary escalator’s ability to clear pathogens from the respiratory tract (Niang et
al.,1998; Cassirer et al., 2018). This process compromises the host immune system and
heightens vulnerability to opportunistic lung infections, causing bronchial pneumonia
(Besser et al., 2008, 2012a, 2012b). Numerous strains of Movi exist that may result in
varying severity and speed of disease progression (Niang et al., 1998; Cassirer et al.,
2018; Kamath et al., 2019). BHS clinical signs of Movi-induced pneumonia can include
coughing, nasal discharge, ear drooping, and head shaking (Besser et al., 2013).
Understanding the mechanisms that drive persistent BHS pneumonia and chronic
carriers’ seminal role in these epizootics is critical to effectively managing wild herds.
Although there is great diversity in BHS pneumonia epizootics across North America,
some consistent disease characteristics have been observed. These observations include
that select ewes surviving pneumonia epizootics may continually carry and spread Movi
to their lambs that congregate in nursery groups, resulting in increased lamb mortality
(Edwards et al., 2010; Plowright et al., 2013, 2017; Bernatowicz et al., 2016; Garwood et
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al., 2020; Spaan et al., 2021). Additionally, Spaan et al. (2021) found that the death of an
infected ewe in a pneumonic herd drove lamb recovery the following year, supporting the
hypothesis that chronic carrier ewes play a primary role in the persistence of pneumonia
disease epizootics. This relationship has been observed in many disease systems and gave
rise to the “20/80 rule”, which generalizes that 80% of pathogen transmission is
facilitated by only 20% of a population and that targeting the control of this 20% can be
highly effective at reducing disease transmission (Woolhouse et al., 1997). Following
these epizootics, surviving individuals persist in the herd, and some likely still carry the
causal pathogen and risk exposing naïve members (Besser et al., 2013; Manlove et al.,
2016; Cassirer et al., 2018; Garwood et al., 2020). Additionally, surviving carrier ewes
infect their lamb, which may infect other lambs in nursery groups during peak
susceptibility (i.e., 6-11 weeks of age), resulting in low lamb survival (Cassirer et al.,
2013, 2018; Smith et al., 2014a; Garwood et al., 2020). Consequently, this disease can
remain in a population for decades and continue to cause periodic lamb outbreaks,
resulting in poor herd recruitment and stagnant-to-declining populations, which
ultimately hinders restoration efforts (Smith et al., 2014a; Manlove et al. 2016; Cassirer
et al., 2018; Garwood et al., 2020).
The aforementioned observations led to our central hypothesis that respiratory
disease persists in BHS populations through chronic Movi carriers. We hypothesized that
chronic carriers were responsible for persistent pneumonia epizootics in BHS herds and
removing these individuals would increase lamb survival and recruitment (Cassirer et al.,
2018). Garwood et al. (2020) provided support for this hypothesis by identifying and
removing chronic carriers from the Custer State Park, South Dakota (CSP) BHS herd,
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leading to increased lamb survival and no further evidence of Movi in adults or lambs.
The CSP BHS herd was the treatment herd and the Rapid City, South Dakota BHS herd
was the control herd (Garwood et al., 2020). Pneumonia-related mortality has been
documented in the Rapid City herd since 2009 (SDGFP, 2018). From 2010–2012, Smith
et al. (2014a) documented an average yearly lamb survival rate of 6.5% for radiocollared
lambs and pneumonia as the leading cause of mortality in the Rapid City herd. Similarly,
from 2016–2017 Garwood et al. (2020) documented an average 6 month lamb survival
rate of 35% and attributed 59% of adult mortalities (n = 10) and 44% of lamb mortalities
(n = 8) in the Rapid City herd to pneumonia. Further, captive BHS research by Felts
(2020) compared the survival of lambs that comingled with chronic carriers to noncarriers where all ewes were obtained from free-ranging populations. Results suggested
that lambs born in pens with ≥ 1 chronic carrier succumbed to fatal pneumonia and that
lambs born in pens without a chronic carrier present either remained healthy or cleared
their Movi infection (Felts, 2020). It has also been observed that a dam’s immunity to
Movi was not effective at reducing a lamb’s susceptibility to fatal pneumonia (Edwards
et al., 2010; Plowright et al., 2013). Garwood et al. (2020) and Smith et al. (2014a)
provided ample support and need for intervention to improve lamb health and recruitment
in the Rapid City herd and prevent Movi spillover into CSP BHS herd.
We conducted our study from January 2018 to December 2020 using similar
techniques as Garwood et al. (2020) to test and remove chronic carriers from the Rapid
City BHS herd. The objectives of this study were to replicate Garwood et al. 2020 and; 1)
assess the efficacy of obtaining serial Movi samples for classifying free-ranging BHS as
chronic carriers, intermittent carriers, or non-carriers in the Rapid City herd; 2) determine

8
if the removal of chronic Movi carriers improved survival of free-ranging BHS lambs in
the Rapid City sub-herds, using a before/after treatment design, and; 3) evaluate the risk
of disease transmission from domestic sheep and goats to BHS.
METHODS
STUDY AREA
We conducted our study from January 2018 to December 2020 in the east-central
Black Hills National Forest in Pennington County, South Dakota (Figure 1). The Black
Hills National Forest has an elevation gradient of 1,065–2,207 m above mean sea level
and spans northeastern Wyoming and southwestern South Dakota, extending
approximately 200 km north to south and 100 km east to west (Hoffman and Alexander,
1987). Temperatures varied from -28 to 40°C, with an average high of 14°C and an
average low temperature of 0.2°C, an average wind speed of 16 kph, and about 105 cm of
total precipitation (NOAA, 2021). The Black Hills are dominated by ponderosa pine
(Pinus ponderosa), accompanied by Black Hills spruce (Picea glauca), paper birch
(Betula papyrifera), and quaking aspen (Populus tremuloides) (Hoffman and Alexander,
1987). Potential BHS predators in our study area included mountain lion (Puma
concolor), bobcat (Lynx rufus), coyote (Canis latrans), and golden eagles (Aquila
chrysaetos) (Smith et al., 2014a, 2014b).
BHS were likely common in the Black Hills of South Dakota before European
settlement but were nearly eradicated by 1899 (Seton, 1929; Buechner, 1960). Postextirpation, BHS reintroductions were initiated in the Black Hills by the early 1900s. The
Audubon’s subspecies of BHS (Ovis canadensis auduboni) is the only known BHS
subspecies native to South Dakota, whereas Rocky Mountain BHS (Ovis canadensis
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canadensis) now populate the area (Buechner, 1960; Benzon, 1999; SDGFP, 2018).
Twenty six Rocky Mountain BHS were reintroduced into Spring Creek canyon from
Georgetown, Colorado in 1991, and five from Badlands National Park, South Dakota in
1992 (Benzon, 1999). This population, collectively referred to as the Rapid City herd,
separated into three subherds: Rapid Creek, Spring Creek, and Hill City. For this study,
we focused on the migratory Rapid Creek subherd and the nonmigratory Spring Creek
subherd, as the Hill City subherd had only one ewe in 2018 and none by the end of this
study. Though these sub-herds are not geographically isolated, they are rarely
documented commingling. The Rapid City herd increased to approximately 106
individuals by 2010 but subsequently decreased to 34 (22 ewes and 12 rams) in 2018
(South Dakota Game Fish and Parks, unpublished data). The Rapid City BHS herd
occupies primarily residential areas for their winter range and ewes travel to rocky slopes
adjacent to Spring Creek or Rapid Creek, according to their respective sub-herd, in the
late spring and early summer to bare lambs, whereas rams stay in the winter range for
most of the year. The Rapid Creek sub-herd is the only sub-herd in the Rapid City BHS
herd considered migratory, with ewes that will travel ≥ 32 kilometers for parturition.
There are five BHS herds within 100 kilometers of the Rapid City BHS herd: Deadwood,
Custer State Park, Badlands National Park, Elk Mountain, and Hell Canyon (SDGFP,
2018). Losses due to pneumonia have been recorded in the Rapid City BHS herd since
2009 (Smith et al., 2014; SDGFP, 2018).
ADULT CAPTURE
We captured and immobilized adult BHS (BAM; 0.43 mg/kg Butorphanol, 0.29
mg/kg, Azaperone, 0.17 mg/kg Medetomidine; reversed with antagonists Atipamezole

10
and Naltrexone; Wildlife Pharmaceuticals, Inc., Windsor, CO) by ground darting (Pneudart G2 X-Caliber projector and a Pneu-dart 2 CC type U RDD remote drug delivery;
Pneu-dart, Inc., Williamsport, PA). We also captured bighorn sheep by net-gun via
helicopter (Native Range Capture Services, Elko, NV). Most adult BHS were previously
radiocollared by Garwood et al. (2020), but if a collar was needed, we fit adult BHS with
very high frequency (VHF) collars (M2520B or M2230A; Advanced Telemetry Systems,
Isanti, MN) that signaled mortality if the collar was inactive for ≥8 hours. We affixed tags
with unique numbers and a herd-referenced color to all collars and ewes received a single
ear tag. If we captured an individual for the first time, we recorded sex and age up to four
years based on tooth eruption, categorizing individuals four years and older in the same
age class, unless we are sure of their birth year (Valdez and Krausman, 1999). In 2020,
we determined the pregnancy status of adult ewes with ultrasonography (E.I. Medical
Imaging IbexTM Portable Ultrasound; E.I. Medical Imaging, Loveland, CO) and, if
pregnant, deployed a vaginal implant transmitter (VIT) that signaled expulsion if the
temperature was <28⁰ C (M3930; Advanced Telemetry Systems). Animal handling was
conducted in accordance with the South Dakota State University Institutional Animal
Care and Use Committee (IACUC) protocol 19-005A.
LAMB CAPTURE
Following protocol from Smith et al. (2014b), we monitored ewes once daily
during the lambing season for an expelled VIT signal, recorded movement patterns by
telemetry, and attempted to visually observe individuals to note behavior that could
signal that parturition had occurred or was about to occur. If a VIT signaled expulsion,
we attempted to retrieve the VIT, identified if there was a parturition event or an early
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expulsion, and located the ewe. If the VIT was prematurely expelled or a VIT was not
deployed (i.e., all 2019 ewes and any 2020 ewe that pregnancy could not be confirmed),
we monitored the ewe’s movement patterns and behavior once daily. If we documented a
parturition event, we waited at least four hours after the event’s conclusion to allow for
bonding. If we did not observe the parturition event, we assessed the mobility of the lamb
(i.e., was the lamb stable on its feet) and attempted to capture it. We observed that if a
lamb wasn’t captured ≤ 12 hours post-parturition, it greatly reduced our likelihood of
capturing it. Following capture, we deployed an expandable VHF collar (M4210;
Advanced Telemetry Systems) with a switch that increased pulse rate if the collar was
inactive for ≥8 hours. Additionally, we recorded the capture location, duration of the
capture, if the dam was present, weight, age, and sex. If we could not capture a lamb, we
monitored the lamb visually daily when possible with at least three weekly checks, by
tracking the radiocollared dam, documenting location, behavior, and signs of respiratory
disease (e.g., lethargy, coughing).
YEARLING AND ADULT SAMPLING
We aimed to capture and sample each individual in the herd at least once during
each field season. When captured, we inserted dry swabs (n = 2) into each nare, rotated
them to the back of the nasal cavity to ensure complete coverage, and returned the swabs
to their sheaths. We shipped samples on ice to Washington Animal Disease and
Diagnostic Laboratory (Pullman, Washington; WADDL), where they tested the nasal
swabs for Movi presence with RT-PCR (Ziegler et al., 2014; Manlove et al., 2019).
WADDL categorized RT-PCR results into three Movi detection categories based on their
cycle threshold (CT) value: ≤36 (positive), 37–40 (indeterminate), and 40 (negative)
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(Manlove et al., 2019). WADDL used DNA extracts from positive and indeterminate RTPCR samples to perform multi-loci sequence typing (MLST) to identify Movi strains
(Cassirer et al., 2017).
We used a jaw spreader to obtain tonsillar crypt swabs (n = 2), to ensure proper
placement of the BD BBLTM CultureSwabTM EZ medium-free dry swabs on the tonsillar
crypt and returned the swabs to their original transport tube. We shipped samples on ice
to WADDL, where they used bacteria culture to look for Pasturellaceae bacteria.
We drew blood primarily from the jugular vein and used a BD Vacutainer SST
tube for transport. Once back in the lab, we used a centrifuge to separate serum from
whole blood and transferred the serum to a screw cap microtube. We froze samples until
shipping them on ice to WADDL for competitive enzyme-linked immunosorbent assay
(ELISA), which identified Movi antibodies (Ziegler et al., 2014). WADDL separated
Movi ELISA results into three categories in relation to the detection of Movi antibodies,
antibodies not detected (% inhibition <40%), antibodies indeterminately detected (%
inhibition from 40–50%), and antibodies detected (% inhibition >50%). We attempted
blood collection at each capture to observe fluctuation in antibody levels.
MULTI-LOCI SEQUENCE TYPING
The MLST methods used looked at four loci: a region in the 16S rRNA gene
(LM), the intergenic spacer region (IGS), RNA polymerase B (rpoB), and gyrase B
(gyrB) (Cassirer et al., 2017). If any of the four loci failed to provide useable sequence
data, we compared the resulting loci with other sequence results with the same loci using
a pairwise sequence alignment in EMBOSS Needle (Madeira et al., 2019). To align the
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MLST results, we used Clustal Omega (Sievers and Higgins, 2014), and to create a
phylogenetic tree, we used TreeView (Page, 2002).
CARRIER IDENTIFICATION AND REMOVAL
Garwood et al. (2020) initiated testing the Rapid City BHS herd for Movi upper
respiratory infections using RT-PCR in February 2016. We ensured that each individual
had ≥2 Movi tests before determining their carrier status. If an individual BHS tested
positive for a Movi upper respiratory infection twice consecutively, we classified them as
a chronic carrier and removed them from the herd. If an individual inconsistently tested
positive for Movi (i.e., a positive test result followed by a negative or indeterminate test
result), they were classified as an intermittent carrier. We determined whether we should
remove an intermittent carrier from the herd based on whether they failed to produce a
negative Movi test using RT-PCR twice consecutively or if their Movi shedding status
would be detrimental in lamb nursery groups (i.e., tested positive for Movi prior to
departing to lambing grounds). Individuals were classified as non-carriers and not
removed if they had exclusively tested negative for Movi. To ensure we removed all
carriers from the herd, we sampled lambs as they returned from their lambing grounds at
approximately five or six months old. If a lamb tested positive with Movi PCR, that
would indicate the presence of an unknown threat on the landscape (e.g., an unidentified
carrier in the herd, a Movi infected domestic Caprinae flock, a Movi infected BHS from
an adjacent herd on the landscape).
We initiated carrier removal in January 2018. To reduce the risk of exposure to
lambs, our goal was to remove all chronic carriers before the start of the lambing season,
which occurred in late April-May. We either immobilized the individual to transport to a
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captive facility at South Dakota State University [Brookings, South Dakota (SDSU)] or
euthanized them with gunshot. If a carrier was euthanized, we conducted a necropsy to
look for signs of bronchial pneumonia such as hard lung tissue, lesions, and fusion of the
lungs to the chest cavity or scaring evident of prior attachment (Besser et al., 2008,
Werdel et al., 2020).
DISEASE SURVEILLANCE
Few small domestic sheep and goat flocks exist in the Rapid City herd range, but
due to previous Movi-driven mortality, continual identification and testing of these flocks
are critical to reducing disease hazard to BHS (Besser et al., 2013). SDGFP identified
domestic sheep and goat flocks in the Rapid City BHS herd range through opportunistic
vehicle surveys. If we identified a domestic flock, we contacted the owners to learn flock
origin and disease history (if applicable) and requested access to sample their flock for
Movi. If we were granted permission, we took two nasal swabs per individual and tested
them for Movi infections using RT-PCR at WADDL. We then informed flock owners
and discussed a flock-specific plan if Movi results were positive. Additionally, we
monitored the Rapid City BHS herd for commingling with other local BHS herds. If we
observed commingling, we would immediately test the individual for a current Movi
infection and quarantine them until we received test results, if possible, or promptly
remove them.
SURVIVAL MONITORING
We used telemetry to monitor adults weekly from January 2019 through
December 2020 for mortality and lambs daily from 20 April through 2 November 2019
and 2020. We also used visual survival confirmation to account for uncollared lambs at a
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minimum of weekly during adult monitoring, and monitored 37 adults and 22 lambs
during this study. If an individual’s collar signaled mortality, we located the carcass and
looked for signs of causality. We located mortalities as soon as possible to perform a
necropsy and assess causation using the guidelines from a comprehensive mortality site
assessment (Stonehouse et al., 2016). Initially, when evaluating a mortality, we looked
for evidence to distinguish between a predation event, a pneumonia event, a nonpneumonia health-related event (e.g., starvation, broken limb, drowning), or a humancaused event (e.g., hit by vehicle, gunshot). If the cause of death was uncertain, we
recorded as much information as possible from the mortality site and necropsy to assign
the likelihood of causation (Walsh et al., 2018). Based on probable causes of death
observed in the field, we assigned cause-specific mortality categories to represent adult
and lamb mortality events. The cause-specific mortality categories used for the adult
survival analysis were “pneumonia”, “predation”, “human-caused,” and “other”. The
cause-specific mortality categories we used for lambs were “pneumonia”, “predation”,
and “other”. If the cause of death was absolute, the prior predictive probability value was
1.0 for that specific cause-specific mortality category. If causation was unclear, varying
prior predictive probability values that summed to one were assigned to each category
based on the likelihood that category was the cause of death given the evidence from the
mortality site (Walsh et al., 2018; Appendix A and B). We excluded adult mortalities
categorized as carrier removal (n = 9) and capture related (n = 2) when estimating natural
survival. All known lambs were included in our survival analysis.
SURVIVAL ANALYSIS
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Data prior to 2019 were obtained from Garwood et al. (2020), whereas post 2020
data were collected by South Dakota Game, Fish, and Parks; all other data were collected
during this study. For the ith individual, we determined its entry time or age into the study
(ei) for adults and lambs, respectively. Similarly, we established the time/age the ith
individual was last known to be alive (ri) and when the earliest time/age it was known to
be dead (si). We analyzed survival data in Program R (R Core Team, 2021) using Markov
Chain Monte Carlo (MCMC) methods in the package NIMBLE (de Valpine et al., 2017;
NIMBLE Development Team, 2021). In Nimble, we utilized models written in the BUGS
model language to perform a two-part Bayesian time-to-event analysis (Cross et al.,
2015, Walsh et al., 2018).
First, we estimated the overall hazard of dying, independent of the cause of death,
where the likelihood contribution for the ith individual for the first component of our
model was:
𝑟𝑖 −1

𝑠𝑖 −1

𝐿𝑖 = 𝑒𝑥𝑝 (− ∑ Λ 𝑖,𝑗 ) × [1 − 𝑒𝑥𝑝 (− ∑ Λ 𝑖,𝑗 )],
𝑗=𝑒𝑖

𝑗=𝑟𝑖

where Λ 𝑖,𝑗 is the unit cumulative mortality hazard for the ith individual during the jth
time/age interval.
We used four covariates for adults: treatment, test, sex, and sub-herd to model the
log unit cumulative mortality hazard rate. We coded “treatment” as a time-varying binary
variable, where we defined pre-treatment as any time before the first carrier was removed
(31 January 2018), and during-treatment as the period during which carriers were being
removed. During-treatment included the day of the first chronic carrier removal through
the end of the study. Individuals that died pre-treatment were assigned a zero and
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individuals that died during-treatment or survived the duration of the study were assigned
a one. The time-varying treatment covariate allowed us to account for individuals alive
before and during treatment. We treated “test” as a constant binary covariate where an
individual was assigned a zero if they had never tested positive with Movi RT-PCR and a
one if they had ever tested positive with Movi RT-PCR. We treated “sex” as a constant
binary covariate where males were assigned a zero and females were assigned a one. We
treated “herd” as a constant binary covariate where individuals from the Spring Creek
sub-herd were assigned a zero and individuals from the Rapid Creek sub-herd were
assigned a one. To account for the effect of temporal variation over our study period
February 2016–December 2020, we used natural cubic spline basis functions to capture
the structure of the weekly time effects for adults (Rupert et al., 2003). We leveraged the
ns function in the splines package in Program R to generate the basis functions and
placed knots at every 10th week (Bates and Venables, 2021; R Core Team, 2021). To
permit the estimation of a baseline hazard rate, γ, we used a sum to zero constraint. Thus,
our global model for the log unit cumulative mortality hazard rate, for the ith individual
and the jth week was:
ln(Λi,j) = γ + βtreatment x treatmentj + βtest x testi+ βsex x sexi + βsub-herd x sub-herdi + ρj,
where ρj represented the week effect with 𝜌𝑗 = ∑𝑀
𝑚=1 𝜙𝑚 𝑓𝑚 (𝑗) and 𝜙𝑚 is the parameter
for the mth natural cubic spline basis function 𝑓𝑚 (. ). Lastly, using the above estimated
parameters for the mortality hazard rate, we also derived pre-treatment and duringtreatment survival rates to assess potential changes over the course of our study:
𝐽

𝑆𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡 = exp(− ∑ exp(𝛾 + 𝜌𝑗 )
𝑗=1
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𝐽

𝑆𝑑𝑢𝑟𝑖𝑛𝑔𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡 = exp(− ∑𝑗=1 exp(𝛾 + 𝛽𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +𝜌𝑗 ),
where 𝑆𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡 is adult survival without shedder removal and 𝑆𝑑𝑢𝑟𝑖𝑛𝑔𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡
is the survival during treatment.
For lambs, we used two covariates: treatment and sub-herd, to model the log unit
cumulative mortality hazard rate. We treated “treatment” as a constant binary covariate
where lambs born before treatment were assigned a zero, and lambs born after treatment
was initiated were assigned a one. We treated “sub-herd” as a constant binary covariate
where lambs from the Spring Creek sub-herd were assigned a zero and lambs from the
Rapid Creek sub-herd were assigned a one. Using the same methodology for accounting
for temporal variation in adults, we used natural cubic spline basis functions to account
for age variation in lamb mortality hazard rates with knots placed at each 10th day of age
(Rupert et al., 2003). Thus, the global log unit cumulative mortality hazard rate for the ith
individual and the jth day.was:
ln(Λi,j) = γ + βtreatment x treatmentj + βsub-herd x sub-herdi + ρj,
where ρj represented the age effect with 𝜌𝑗 = ∑𝑀
𝑚=1 𝜙𝑚 𝑓𝑚 (𝑗) where 𝜙𝑚 is the parameter
for the mth natural cubic spline basis function 𝑓𝑚 (. ).
We also derived pre-treatment and during-treatment survival rates to assess potential
changes over the course of our study:
𝐽

𝑆𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡_𝑆𝐶 = exp(− ∑ exp(𝛾 + 𝜌𝑗 )
𝑗=1

𝑆𝑑𝑢𝑟𝑖𝑛𝑔𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡_𝑆𝐶 = exp(− ∑𝐽𝑗=1 exp(𝛾 + 𝛽𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +𝜌𝑗 ),
where 𝑆𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡_𝑆𝐶 is lamb survival without shedder removal and
𝑆𝑑𝑢𝑟𝑖𝑛𝑔𝑡𝑟𝑒𝑎𝑚𝑒𝑛𝑡_𝑆𝐶 is the survival during treatment for the Spring Creek herd. We
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used the same equations to calculate the survival differences for Rapid Creek, but
included the βsub-herd log hazard in the summation.
For lambs and adults, conditional on dying, we estimated the probability of an
individual dying due to a specific cause using the prior predictive probability values
estimated in the field (Appendix A and B) and a data augmentation approach (Walsh et
al., 2018); similar methods were used by Parr et al. (2018), Garwood et al. (2020), and
Wieseler (2021). Thus, our model for the ith individual dying due to the kth cause at the zth
MCMC repetition was:
𝑌𝑖,𝑧 ~𝑑𝑐𝑎𝑡(𝜋
⃗⃗⃗𝑖 ),
where 𝑌𝑖 is an imputed cause of death from K potential causes and ⃗⃗⃗
𝜋𝑖 is the vector of prior
predictive probabilities for the ith individual dying of each potential cause. Then, using a
multinomial logit link function, the likelihood contribution at the zth MCMC repetition for
the ith individual to the second component of our model was:
𝑚𝑙𝑜𝑔𝑖𝑡(𝑝𝑖,𝑌𝑖,𝑧 ) = 𝛼𝑘 + 𝛿𝑘 × 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑘 ,
where 𝛼𝑘 is the baseline probability of dying, 𝑝𝑖,𝑌𝑖,𝑧 , due to cause 𝑌𝑖,𝑧 and 𝛿𝑘 is the effect
of removing shedding individuals (treatment). Finally, the total likelihood at the zth
MCMC repetition, assuming the independence of individuals was:
𝑁

∏ 𝐿𝑖 × 𝑝𝑖,𝑌𝑖,𝑧 .
𝑖=1

To complete our Bayesian specification, we used weakly informative truncated
normal priors for γ, which assumed a mean weekly survival of 88% for adults
(𝛾~dnorm[−6.01, precision = 3]T[−9, −0.5]) and a mean daily survival of 50% for lambs
(𝛾 ~dnorm[−6.26, precision = 3]T[−8, −1]). The priors used were consistent with

20
previous research conducted on the Rapid City herd and other adjacent herds (Wieseler,
2021; Garwood et al., 2018). We conducted variable selection using a Bayesian group
lasso prior (Park and Casella, 2008; Kyung et al., 2010, Hefley et al., 2017). We treated
the basis functions characterizing the time or age effects as one group and the parameters
for the remaining covariates in the second group. We used the “scale mixture of normal
distributions” parameterization (Park and Casella, 2008; Hefley et al., 2017) for the
Laplace priors for each group:
𝝓~𝑑𝑛𝑜𝑟𝑚(𝟎, 𝜎𝜙2 𝐼)
𝜷~𝑑𝑛𝑜𝑟𝑚(𝟎, 𝜎𝛽2 𝐼)
𝑀
𝜎𝜙2 ~𝑑𝑔𝑎𝑚𝑚𝑎 (

+ 1 𝜆2
, )
2
2

𝐵 + 1 𝜆2
𝜎𝛽2 ~𝑑𝑔𝑎𝑚𝑚𝑎 (
, )
2
2
𝜆2 ~𝑑𝑔𝑎𝑚𝑚𝑎(1,1),
where 𝝓 is the M-length vector of coefficients for the natural cubic spline basis functions
used to model the time or age effects, 𝜷 is a B-length vector of the remaining covariates
described above in the adult and lamb global models describing the log unit cumulative
mortality hazard rates, 𝜎𝜙2 and 𝜎𝛽2 are the associated variance terms, and 𝜆2 is the
shrinkage parameter. Similarly, we used a Normal(0, 10) prior for the baseline causespecific probabilities and Bayesian lasso priors for the 𝜹 parameters assessing the
treatment effects on the cause-specific probabilities.
Finally, during estimation, for both lamb and adult models, we ran 3 MCMC
chains for 100,000 iterations and a 10,000 burn-in period (Ruppert et al., 2003). We
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inspected trace plots and the posterior distribution of each parameter in our models to
check for non-convergence.
RESULTS
DATA COLLECTION AND CARRIER REMOVAL
The estimated population size of the Rapid City BHS herd in 2017, prior to carrier
removal, was 45 individuals, with a 0.41 ram:ewe ratio and a 0.21 lamb:ewe ratio
(SDGFP, 2018). We removed nine carriers: seven adult ewes (estimated mean age= 9.3
years), one yearling ewe, and one juvenile ram during 2018–2020. Four of these were
classified chronic carriers and five intermittent carriers (Table 5). We did not observe any
consistent relationships in age of removed carriers compared with the BHS that remained
in the herd. Although the original methods for test and removal (i.e., two positive Moi
RT-PCR results required before removal) were used for six of the removed carriers, one
intermittent carrier was removed after only one positive test in May 2020 to avoid
exposure during the lambing season (Table 5; ID 7). The other two removed individuals
were classified intermittent carriers, consistently tested indeterminate with Movi RTPCR, and were removed from the herd because they were not testing negative for Movi
and their relationship to Movi persistence was unknown. We did not observe any
consistent relationships between age and carriers removed (Table 5).
As of December 2020, the herd had an adult and yearling population of 13 ewes
and ten rams, where all ewes and nine rams were radiocollared. We used ground darting
for 61 captures and a helicopter netgun for five captures. We collected 66 nasal mucosal
swab samples for Movi RT-PCR, resulting in 16.7% (n = 11) positives, 69.7% (n = 46)
negatives, and 13.6% (n = 9) indeterminates (Table 6). We collected 29 blood samples,
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resulting in 75.9% (n = 22) detected, 20.7% (n = 6) undetected, 3.4% (n = 1)
indeterminate results for Movi antibodies, with an average percent inhibition of 64.0%.
We collected 24 oropharyngeal swabs and detected Trueperella pyogenes in 66.7% (n =
16), Bibersteinia trehalosi in 45.8% (n = 11), and Mannheimia sp. in 20.8% (n = 5),
multiple bacteria were isolated from the same swab on ten occasions.
LAMB CAPTURE AND DATA COLLECTION
In 2019, the Rapid City herd had a pregnancy rate of 80% (12/15 ewes); we did
not deploy any VITs and we captured four lambs (two females, two males; average
birthweight= 4.9 kg). In 2020, the Rapid City herd had a pregnancy rate of 79% (11/14
ewes) and deployed nine VITs with a retention rate to parturition of 44% (4/9 retained)
and captured three lambs (two females, one male; average birthweight = 5.1 kg). One
pregnant ewe was removed as a carrier from the Rapid Creek subherd in 2020 prior to
parturition. The peak parturition window in 2019 and 2020 was 11–18 May, and ranged
from 25 April–9 July. Survival of lambs (collared and uncollared) from radiocollared
ewes to 6 months of age increased from 50% (6/12) in 2019 to 80% (8/10) in 2020.
MULTI-LOCUS SEQUENCE TYPING
We conducted MLST on 11 positive and indeterminate Movi RT-PCR samples
from 2019 through 2021, including two 2020 lambs sampled in January 2021. Due to the
lack of DNA available for amplification, MLST on indeterminate samples rarely
produced sequencing results during this study. Fully amplified MLST results spanning
from 2008 through 2021 (n = 9) indicated that at least three strains were present in 2016
but have since declined to one strain in the Rapid City BHS herd (Figure 4). However, we
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were unable to obtain full MLST results from six samples, so the absolute number of
strains present currently and historically in the herd is uncertain.
DOMESTIC SHEEP AND GOAT TESTING
We sampled one domestic sheep and six domestic goats for Movi infections in the
Rapid City BHS herd range, and tested negative. Unfortunately, we could not access one
domestic flock, and previous disease history and flock origin are unknown. Additionally,
we did not observe any commingling of the Rapid City BHS herd with either domestic
Caprinae species or sheep from other BHS herds.
ADULT AND YEARLING SURVIVAL
We estimated adult annual survival increased in the Spring Creek subherd
(Survivalpre-treatment = 73.0% [CI 51.1%, 87.9%]; Survivalduring-treatment = 84.9% [CI 71.5%,
93.8%) and the Rapid Creek subherd (Survivalpre-treatment = 58.1% [CI 24.4%, 111%];
Survivalduring-treatment = 88.1% [CI 73.9%, 96.1%]; Table 1). Based on the estimated
posterior mean and the corresponding 95% credible intervals, no covariates were
associated with the weekly log unit cumulative hazard rate of adults, including treatment
(Table 2). The cause-specific results indicated that the probability of a pneumonia-related
mortality decreased in adults (Probabilitypre-treatment = 59% [CI 29%, 85%];
Probabilityduring-treatment = 3% [CI 0%, 17%]; Table 2; Figure 4). We did not document any
pneumonia-related adult mortalities in the herd during-treatment. However, uncertainty in
cause-specific mortalities resulted in a 3% probability of a pneumonia-related mortality
during-treatment (Appendix A; Table 2; Figure 4). We identified a significant increased
hazard of adult mortality during weeks 39–49 (September 2016–January 2017), 93–95
(December 2017), and 153–159 (January–February 2019) (Figure 2).
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LAMB SURVIVAL
Based on the estimated posterior mean and the corresponding 95% credible
intervals, carrier removal increased lamb survival to 6 months from 35.3% [CI 15.5%,
56.6%] to 75.5% [CI 51.4%, 91.3%] in the Spring Creek sub-herd and from 8.54% [CI 0.
45%, 27.4%] to 50.8% [28.3%, 72.6%] in the Rapid Creek subherd (Table 1). Daily log
unit cumulative mortality hazard rate of lambs was reduced during the treatment period
(βtreatment = -1.40 [CI -2.31, -0.52]; Table 3). The Rapid Creek sub-herd had an elevated
hazard of dying, compared to the Spring Creek sub-herd, though the significance was
minimal (0.95 [CI 0.13, 1.83]; Table 3). The probability of a pneumonia-related
mortality decreased in lambs (Probabilitypre-treatment = 46.0% [CI 22.4%, 71.4%];
Probabilityduring-treatment = 12.8% [CI 0.0%, 44.9%]; Figure 5). During-treatment we had
one lamb die of predation, one drown, one of unknown health reasons (i.e., appeared to
have poor body condition and diarrhea at capture), and five of completely unknown
causes. We did not document any pneumonia-related lamb mortalities in the herd duringtreatment. However, uncertainty in cause-of-death determination resulted in a 12.8%
probability of a pneumonia-related mortality during-treatment (Appendix B; Figure 5).
We found a significantly increased hazard of lamb mortality at ages 1–10 and 26–31 days
(Figure 3).
DISCUSSION
Our study provided further evidence that chronic carriers contribute to Movi
persistence in BHS herds and that removing these individuals can increase lamb survival
(Table 1). Prior to carrier removal, pneumonia was recorded as the primary cause of
death for lambs in the Rapid City BHS herd (Smith et al., 2014a; Garwood et al., 2020)
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and after initiating chronic carrier removal, we recorded no pneumonia-related
mortalities, and the probability of a lamb dying of pneumonia decreased from (Table 3;
Figure 5). Similar to Garwood et al. (2020), treatment significantly affected the daily log
unit cumulative hazard rate of lambs, which corresponded to an increased lamb survival
(Table 1). Additionally, the significant positive trends found on days 1-10 and 26-31,
based on the daily age effect on the log hazard scale, identified that hazard was highest
when the lambs were young, oscillating over time until about 125 days, when hazard
remained relatively unchanged (Figure 3). These trends make biological sense because
BHS lambs were more vulnerable to mortality events in their earliest stages of life (Smith
et al., 2014).
Extensive Movi testing history for the Rapid City BHS herd from 2016-2020
allowed us to identify long-term Movi persistence and exposure patterns, critical to
distinguishing between chronic, intermittent, and non-carriers. We also identified many
opportunistic bacterial pathogens in addition to Movi, but we found no consistent
detections of these pathogens among removed carriers. Although we removed all four
known chronic carriers at the start of the study, we subsequently identified intermittent
carriers (n = 5) and these were challenging to interpret. While numerous studies have
reported the presence of intermittent carriers (Plowright et al., 2017; Garwood et al.,
2020; Martin et al., 2021), there is no clear definition of their role in pneumonia disease
persistence, and it is unclear how to account for their presence in the test and removal
framework. Plowright et al. (2017) theorized that removing chronic and intermittent
carriers may be necessary to mitigate BHS pneumonia. Garwood et al. (2020) identified
11 intermittent carriers in the Rapid City BHS herd from 2016-2018. However, they did
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not identify any intermittent carriers in their treatment herd (CSP), but had identified and
removed two chronic carriers in 2016.
Although we observed an increase in lamb survival and no pneumonia-related
lamb mortalities after removing all chronic carriers, intermittent carriers were
consistently present on the landscape and had ample opportunity to comingle with lambs.
The structure of nursery groups may protect some individuals from Movi exposure if
chronic carriers are absent from their nursery group (Manlove et al., 2014; Cassirer et al.,
2017), but the hazard of intermittent carriers interacting with nursery groups is unknown.
In the Rapid City BHS herd, Garwood et al. (2020) observed low lamb survival (35%)
and multiple pneumonia-related lamb mortalities (n = 7) with chronic and intermittent
carriers on the landscape. In contrast, after removing all known chronic carriers but with
some intermittent remaining, we observed higher lamb survival but had lambs from both
sub-herds test positive for current Movi infections and/or Movi antibodies post-lambing
(Table 6; ID 7, 8, and 9). Additionally, a yearling ewe in the Spring Creek sub-herd
exhibited coughing and tested positive for a current upper respiratory Movi infection in
April 2020 after testing negative post-lambing in fall 2019 (Table 6; ID 2). This yearling
recovered and tested negative in January 2021, providing evidence that yearlings may
recover from Movi infections without becoming carriers, as previously theorized by
Plowright et al. (2017). However, carrier removal may be necessary for a yearling to
recover without additional Movi exposure. Further, Plowright et al. (2017) found that
Movi persisted the longest in older individuals; also, documented two intermittent
carriers that were ≥ 15 years old in 2020 (Table 5; ID 8 and 9). These individuals
repeatably tested indeterminate for Movi upper respiratory infections which lead to
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uncertainty as to how to respond due to their lack of consistent positive Movi results and
the status for 2020 reduced their likelihood of commingling in lamb nursery groups. We
eventually culled these two individuals from the herd in November 2020 based on their
potential hazard to the herd. The first individual tested that wouldn’t have comingled with
the two intermittent carriers that were removed in November 2020 was a 2021 lamb that
tested negative for Movi with RT-PCR and ELISA in March 2022 (Table 5: ID 10). Our
results demonstrate that intermittent carriers might facilitate the persistence of Movi in a
BHS herd without the presence of chronic carriers. We are encouraged that the long-term
effects of intermittent carrier removal may be apparent through subsequent Movi testing.
The covariate ‘sub-herd’ had a positive influence on the daily log unit cumulative
hazard rate of lambs that is lambs in the Rapid Creek sub-herd had an increased daily
hazard of dying compared to the Spring Creek sub-herd (Table 4). We are unsure of the
biological reason(s) why the Rapid Creek sub-herd had an increased hazard of dying.
However, we hypothesize that the Rapid Creek subherds’ larger herd size and longer
distance traveled for parturition may increase mortality risk.
As expected, treatment did not significantly affect the adult weekly log unit
cumulative mortality hazard rate, although we did observe a decrease in the probability of
an adult pneumonia-related mortality (Table 2; Figure 4). These results are comparable to
Garwood et al. (2020), where their best approximated model of adult survival included a
covariate for treatment adult survival model included treatment but the effect was
equivocal.
Our MLST results provided valuable insight into Movi strain introduction and
persistence in the Rapid City BHS herd (Figure 6). Garwood et al. (2020) identified two
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primary Movi strains present in the Black Hills BHS herd during 2016–2018 using only
the intergenic spacer region (IGS). Contrastingly, sequences from samples where all 4
loci were amplified and sequenced from that same time period suggest that at least two
other strains may have been present in the Black Hills BHS herds (Figure 6).
Unfortunately, MLST was unable to amplify all loci for six samples in our study.
Consequentially, we were unable to document the absolute number of strains present, but
our results supported the 4 loci strain-typing technique currently used for identifying
unique strains of Movi.
Our study was one of several case studies that have illustrated the role of chronic
carriers in Movi persistence by culling these individuals from the herd to decrease Movi
transmission (Bernatowicz et al., 2016; Garwood et al., 2020; Spaan et al., 2021).
Chronic carriers have aided the persistence and spread of other bacterial diseases, such as
leptospirosis caused by Leptospira spp. (Sant’Anna da Costa et al., 2021; Yang, 2018)
and typhoid caused by Salmonella spp. (Gonzalez-Escobedo et al., 2011). Due to the
highly contagious nature of leptospirosis and typhoid disease, chronic carriers have
presented extreme health concerns for humans and wild animals (Gonzalez-Escobedo et
al., 2011; Sant’Anna da Costa et al., 2021). Similar to Movi, these diseases can be
asymptomatic in chronic carriers, yet carriers can be highly contagious and still shed the
bacteria (Cassirer et al., 2017; Gonzalez-Escobedo et al., 2011; Sant’Anna da Costa et al.,
2021). Although the use of culling may not be applicable to manage the prior two
pathogens mentioned, culling wild and domestic animals has been used to decrease
transmission of infectious diseases since the early 1700s (Miguel et al., 2020). This
methodology has been heavily documented in the removal of European badgers (Meles
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meles) and various other species in efforts to eliminate bovine tuberculosis
[Mycobacterium bovis (TB)] (Miguel et al., 2020). Most case studies outlined by Miguel
et al. (2020) that focused on non-selective removal of individuals yielded positive results
and, in most cases, led to reduced TB prevalence. In contrast, other studies that focused
on testing and selective removal of larger herds reported it was strategy due to expense
and inability to access animals.
A potential limitation of implementing the test and removal method to mitigate
BHS die-offs is the need for consistent accessibility to the herd needed to serially sample.
Applying this methodology to isolated herds may provide further challenges in obtaining
samples. A benefit of working with the Rapid City BHS herd was that both sub-herds
were found adjacent to roads for most of the year, increasing sampling opportunities.
Further, due to the limited lamb collars that we were able to deploy, we had five
unknown causes of death of uncollared lambs in 2019. However, we accounted for the
probability of those deaths being pneumonia-related in our survival analysis (Appendix
B).
Managing BHS relies on good relationships between wildlife agencies and
domestic Caprinae flock owners. The benefits of the test and removal framework or any
other health management strategy could be voided if an active threat of Movi
introduction remains. Our study did not have permission to test a domestic flock directly
adjacent to the Spring Creek sub-herd. Although subsequent testing of the Spring Creek
sub-herd revealed a Movi-free herd, not providing disease surveillance for all
neighboring herds can conceal potential threats, which could severely undermine
management efforts for movi.
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Our study highlights several future research demands. First, additional case
studies using the test and removal framework in BHS herds are needed to confirm the
success of this method in other systems (e.g., different herds, environmental conditions)
as this method may not work the same in all systems. Second, further research is critical
to understand intermittent carriers and their role in the test and removal framework.
Although we unexpectedly found that intermittent carriers may play a role in Movi
persistence, distinguishing between chronic vs intermittent carriers turned out to be
problematic and needs further study. Third, our study didn’t investigate the contribution
of sinus tumors in chronic carriers, where some research suggests a correlation between
sinus tumors and the heterogeneity of upper respiratory bacterial shedding in a BHS herd
(Fox et al., 2015). Lastly, determining if there are herd genomic consequences (e.g.,
genetic bottleneck) of the test and removal framework may help inform management
decisions about the necessity of post-removal herd augmentation.
In conclusion, our study demonstrated that serial sampling individual BHS to
identify Movi carriage status and removing individuals exhibiting pathogen carriage
patterns could improve the survival of free-ranging BHS lambs. Additionally, although
we did not identify any current domestic Caprinae threats, we believe that adjacent
domestic Caprinae flocks are hazardous to wild BHS and continual testing is critical to
mitigating potential spillover. Because of this, continual testing of BHS is also suggested
to avoid missing the introduction of new disease threats. Further, we recommend
providing educational opportunities for domestic Caprinae flock owners to inform them
of the hazards of Movi and ways they can prevent disease spillover to BHS.
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Table 1: The estimated posterior mean, standard deviation, and the corresponding 95%
credible intervals (CI) for the daily mean survival of lambs and the yearly mean survival
of adults in the Rapid City, South Dakota bighorn sheep herd. We included 46 lambs
(pre-treatment=24; during-treatment=22) and 61 adults (pre-treatment=16; duringtreatment=45) from 2016–2020.
Adult Mean Yearly Survival Estimates (%)
Spring Creek Sub-herd (%)
Survivalpre-treatment
73.0
Survivalduring-treatment
84.9

SDMean
9.52
5.81

95% CI
51.1, 87.9
71.5, 93.8

Rapid Creek Sub-herd (%)
Survivalpre-treatment
Survivalduring-treatment

22.6
5.71

24.4, 111
73.9, 96.1

Lamb Mean Daily Survival Estimates (%)
Spring Creek Sub-herd (%)
35.3
Survivalpre-treatment
75.5
Survivalduring-treatment

10.6
10.3

15.5, 56.6
51.4, 91.3

Rapid Creek Sub-herd (%)
Survivalpre-treatment
Survivalduring-treatment

7.17
11.5

0.45, 27.4
28.3, 72.6

58.1
88.1

8.54
50.8
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Table 2: The estimated posterior mean, standard deviation, and the corresponding
95% credible intervals (CI) for covariates used to estimate the weekly log unit
cumulative mortality hazard rate of adults in the Rapid City, South Dakota
bighorn sheep herd, using the global model ln(Λi,j) = γ + βtreatment x treatmentj +
βtest x testi+ βsex x sexi + βsub-herd x sub-herdi + ρj and cause-specific mortality
probabilities. We included 61 adults (pre-treatment=16; during-treatment=45)
from 2016–2020.
Model Covariate
Sub-herd
Sex
Test
Treatment

Mean
-0.30
-0.37
0.55
-0.49

Cause-specific Mortality Probabilities
Pre-treatment (%)
20.0
Human-caused
14.0
Other
59.0
Pneumonia
7.00
Predation
During-treatment (%)
2.00
Human-caused
94.0
Other
3.00
Pneumonia
2.00
Predation

Standard Deviation
0.33
0.36
0.37
0.65

95% CI
-0.98, 0.34
-1.08, 0.34
-0.16, 1.31
-1.90, 0.62

11.0
11.0
14.0
6.00

4.00, 44.0
0.00, 42.0
29.0, 85.0
0.00, 24.0

4.00
9.00
5.00
4.00

0.00, 14.0
66.0, 100
0.00, 17.0
0.00, 14.0
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Table 3: The estimated posterior mean, standard deviation, and the corresponding 95%
credible intervals (CI) for covariates used to estimate the daily log unit cumulative
mortality hazard rate of lambs in the Rapid City, South Dakota bighorn sheep herd, using
the global model ln(Λi,j) = γ + βtreatment x treatmenti + βsub-herd x sub-herdi+ ρj, and causespecific mortality probabilities. We included 46 lambs (pre-treatment=24; duringtreatment=22) from 2016–2020.
Model Covariate
Sub-herd
Treatment

Mean
0.95
-1.40

Cause-specific Mortality Probabilities
Pre-treatment (%)
Other
38.1
Pneumonia
46.0
Predation
15.9
During-treatment (%)
Other
65.8
Pneumonia
12.8
Predation
21.4

Standard Deviation
0.42
0.46

95% CI
0.13, 1.83
-2.31, -0.52

12.0
12.8
9.00

16.2, 62.8
22.4, 71.4
3.13, 35.8

17.6
12.7
14.7

28.9, 94.6
0.00, 44.9
0.02, 57.0
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Table 4: Movi PCR testing results for nine Movi carriers removed from the Rapid City, South Dakota bighorn sheep
herd from January 2018 through November 2020. All carriers removed had at least two Movi RT-PCR tests, with a
maximum of five. We collected two nasal swabs from each individual per capture.

Note. F=Female and M=Male; SC= Spring Creek Sub-herd and RC= Rapid Creek Sub-herd; + = Positive, - =Negative,
and Ind.=Indeterminate.
1
Age estimates were based on teeth eruption up to four years of age. Therefore, if an individual was four years or older
entering the study, their exact age was considered an estimate.
2
For individual 9’s third test, one swab yielded negative results, and the second swab yielded indeterminate results; this
was the only occasion this occurred during our study.
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Table 5: Movi RT-PCR and Movi ELISA results from Rapid City, South Dakota bighorn sheep lambs
collected from October 2019–March 2022 after they had returned to their winter range from their lambing
grounds. The results correspond with a test date based on their test number (e.g., RT-PCR test 1 corresponds
with Movi ELISA test 1 and the first date listed under test dates).

Note. F=Female and M=Male; SC= Spring Creek Sub-herd and RC= Rapid Creek Sub-herd; + = positive, - = negative,
Ind.= indeterminate.
1
antibodies not detected [% inhibition <40%], antibodies indeterminately detected [% inhibition from 40-50%], and
antibodies detected [% inhibition >50%])
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Table 6: The frequency of pre-treatment (2016–2017) and during-treatment (2018–
2020) results from the Rapid City, South Dakota bighorn sheep herd for Movi RTPCR from upper respiratory swabs, bacteria detected with bacteriology culture on
tonsillar crypt swabs, and the average percent inhibition detected with Movi ELISA
from blood serum.
Pre-treatment
RT-PCR
Mycoplasma ovipneumoniae
Positive
Negative
Indeterminate
Bacteriology Culture
Bibersteinia trehalosi
Trueperella pyogenes
Mannheimia spp.
Movi ELISA
Average % Inhibition

During-treatment

2016–2017

2018

2019

2020

13
23
6

2
10
2

6
15
4

3
21
3

18
21
4

4
1
1

7
10
3

0
5
1

76.67%

NA

45.59%

68.73%
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Figure 1: The Rapid City bighorn sheep herd range spans the east-central section of the
Black Hills National Forest, South Dakota, USA. Geospatial data for herd range was
supplied from South Dakota Game, Fish, and Parks, and the Black Hills National Forest
boundary data was sourced through the United States Forest Service website (USFS,
2008).
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Figure 2: We estimated the weekly log unit cumulative mortality hazard rate for adults
from January 2019 through December 2020 for 254 weeks. The time effects and the
corresponding 95% credible intervals (blue) oscillate around zero with significant
positive trends during weeks 39–49, 93–95, and 153–159.
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Figure 3: We estimated the daily log unit cumulative mortality hazard rate for lambs
from the day a lamb was born (day zero) until the day they died or until 2 November
2019 and 2020, for a maximum of 176 days. The age effects and the corresponding 95%
credible intervals were highest when the lambs were young, oscillating over time until
about 125 days, where hazard remained relatively unchanged, with significant positive
trends on days 1–10 and 26–31.
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Figure 4: We compared the adult pre-treatment (2016–2017) and during-treatment
(2018–2020) cause-specific mortality probabilities across four categories (humancaused, other, pneumonia, and predation) for the Rapid City, South Dakota bighorn
sheep herd. Section (A) displays the estimated probability of each cause-specific
mortality category as percentages, calculated within our model. Section (B) displays
the cause-specific mortality probabilities and their corresponding 95% credible
intervals (detailed in table 3).

A.

B.
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Figure 5: We compared the lamb pre-treatment (2016–2017) and during-treatment
(2018–2020) cause-specific mortality probabilities across three categories (other,
pneumonia, and predation) in the Rapid City, South Dakota bighorn sheep herd.
Section (A) displays the estimated probability of each cause-specific mortality
category as percentages, calculated within our model. Section (B) displays the
cause-specific mortality probabilities and their corresponding 95% credible
intervals (detailed in table 4).

A.

B.
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Figure 6: Movi strains identified through multi-loci sequence typing (MLST) by taking
DNA extracts from positive and indeterminate RT-PCR samples from the Rapid City,
Custer State Park, and Deadwood, South Dakota bighorn sheep herds from 2008–2021

2008-RapidCity-SD-Strain 1
2010-RapidCity-SD-Strain 1
2019-1-RapidCity-SD-Strain 1
2019-2-RapidCity-SD-Strain 1
2020-RapidCity-SD-Strain 1
2021-1-RapidCity-SD-Strain 1
2021-2-RapidCity-SD-Strain 1
2016-RapidCity-SD-Strain 2
2016-RapidCity-SD-Strain 3
2016-Deadwood-SD-Strain 4
0.01
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Appendix A: We accounted for the uncertainty in the cause of death of adults using
prior predictive probability values that, based on all evidence on the mortality side,
describe the probability that each potential cause was the source of mortality, creating a
vector that summed to one. Each ID corresponds to an individual. Equal probabilities in
each category indicate that cause was unknown. Estimated cause of death for adult
bighorn sheep in the Rapid City, South Dakota herd that died prior to (A) and during (B)
a test and remove experiment to clear Movi, 2018–2020.
A. Pre-Treatment Mortalities
ID Year
Human-caused
1
2016
0
2
2016
0
3
2016
0
4
2016
0
5
2016
1
6
2016
0
7
2016
0
8
2016
0
9
2017
0.25
10 2017
0
11 2017
0
12 2017
0
13 2017
0
14 2017
1
15 2017
1

Other1
0
0
0.1
0.05
0
0
0.4
0.25
0.25
0.6
0.05
0.9
0.25
0
0

Pneumonia
0.25
1
0.9
0.95
0
1
0.6
0.75
0.25
0.4
0.95
0
0.75
0
0

Predation
0.75
0
0
0
0
0
0
0
0.25
0
0
0.1
0
0
0

B. During-treatment Mortalities
ID Year
Human-Caused
Other
Pneumonia
Predation
16 2018
0.25
0.25
0.25
0.25
17 2018
0.25
0.25
0.25
0.25
18 2018
0.25
0.25
0.25
0.25
19 2018
0.25
0.25
0.25
0.25
20 2018
0
0.4
0
0.6
21 2019
0
1
0
0
22 2019
0
1
0
0
23 2019
0
0.25
0
0.75
24 2019
0
0.75
0
0.25
25 2019
0
0.1
0
0.9
26 2019
0
1
0
0
27 2020
0
1
0
0
28 2020
0
1
0
0
29 2020
0
1
0
0
1
Pre-treatment mortality data was provided by Garwood (2018).
2
Mortalities categorized as other included any cause of death that didn’t fit in another
category, including any health issues that weren’t pneumonia related and hit by vehicle.
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Appendix B: We accounted for the uncertainty in the cause of death of lambs using
prior predictive probability values that, based on all evidence on the mortality side,
describe the probability that each potential cause was the source of mortality, creating
a vector that summed to one. Each ID corresponds to an individual. Equal probabilities
in each category indicate that cause was unknown. Estimated cause of death for adult
bighorn sheep in the Rapid City, South Dakota herd that died prior to (A) and during
(B) a test and remove experiment to clear Movi, 2018–2020.
A. Pre-treatment Mortalities1
ID
Year
1
2016
2
2016
3
2016
4
2016
5
2016
6
2016
7
2016
8
2016
9
2016
10
2016
11
2016
12
2017
13
2017
14
2017
15
2017
16
2017
17
2017
18
2017

Other2
1
0.1
0
0
1
0.34
0
0.6
0
1
1
0.5
0
0
1
0
0
0

Pneumonia
0
0
1
1
0
0.33
1
0.4
1
0
0
0.5
0
1
0
1
0.4
1

Predation
0
0.9
0
0
0
0.33
0
0
0
0
0
0
1
0
0
0
0.6
0

B. During-treatment Mortalities
ID
Year
Other
Pneumonia
Predation
19
2019
0.5
0
0.5
20
2019
0.33
0.33
0.34
21
2019
0.4
0.2
0.4
22
2019
0.5
0
0.5
23
2019
0.4
0.2
0.4
24
2019
1
0
0
25
2020
0
0
1
26
2020
1
0
0
1
Pre-treatment mortality data was provided by Garwood (2018).
2
Mortalities categorized as other included any cause of death that didn’t fit in another
category, including any health issues that weren’t pneumonia related and hit by vehicle.
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CHAPTER 2:
POST-PNEUMONIA EPIZOOTIC ASSESSMENT OF BODY CONDITION, DIET
QUALITY AND COMPOSITION OF BIGHORN SHEEP EWES IN RAPID CITY,
SOUTH DAKOTA.

Amanda Ensrud
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ABSTRACT
Pneumonia is a major factor affecting populations of free-ranging bighorn sheep
(Ovis canadensis) across western North America. Pneumonia can occur in large-scale
epizootics, during which greater than half of the population typically dies. Postpneumonia epizootic herd recovery can be complex and can require a multifaceted
management response. Our primary objective was to quantify the body condition, diet
quality, and diet composition of the ewes (n = 14) in the Rapid City bighorn sheep herd
post-pneumonia epizootic to better understand the current herd productivity to use as a
baseline for future management. Further, we focused on how a ewe's lactation status (i.e.,
lactating or not lactating) affected its digestive capabilities and diet selection. We
collected data from March–August 2022 and gathered 38 fecal samples. To obtain body
condition data, we used ultrasonography technology and body palpations to measure
maximum rump fat thickness, longissimus dorsi thickness, and assigned an overall body
condition. We assessed diet quality and composition through percent fecal nitrogen and
fecal metabarcoding analyses, respectively. No significant relationships were found in the
body condition and diet data collected. However, we identified that browse species were
the primary forage consumed, comprising 86.8% of lactating ewe samples and 58.3% of
non-lactating ewe samples, though not statistically significant. This study is the first
attempt to understand the potential effects of nutritional condition post-pneumonia
epizootic. Additionally, our results provided an additional case study that illuminates diet
composition differences between lactating and non-lactating ungulates. Further study of
this in the Rapid City bighorn sheep herd may help direct habitat management efforts in
areas heavily used by lactating ewes if diet quality and composition appear inadequate.

59
INTRODUCTION
Bighorn sheep (Ovis canadensis; BHS) populations were estimated at 1.5–2
million individuals at the beginning of the 19th century and declined to less than 40,000
by the early 1980s (Seton, 1929; Buechner, 1960; Foreyt and Jessup, 1982), largely due
to disease, unregulated hunting, and habitat degredation (Foreyt and Jessup, 1982).
Disease is believed to be the primary cause of mortality, due to highly contagious
pneumonia epizootics that can affect all age classes and can vary substantially in severity,
leading to 5-100% population declines (Foreyt and Jessup, 1982; Besser et al., 2013;
Cassirer et al., 2018). Pneumonia epizootics are primarily contracted and spread by
contact with respiratory particles from domestic sheep (Ovis aries), goats (Capra hircus)
or other infected BHS and can cause lasting effects on a BHS herd (Besser et al., 2012,
2013; Heinse et al., 2016; Kamath et al., 2019). The disease can remain in a population
for decades and continue to cause periodic lamb outbreaks, resulting in poor herd
recruitment and stagnant-to-declining populations, which ultimately stymies restoration
efforts (Smith et al., 2014a; Manlove et al., 2016; Cassirer et al., 2018; Garwood et al.,
2020
BHS inhabit some of North America's most harsh and rugged habitats and
consequently rely on a subsistence diet for much of the year (Brewer et al., 2013;
Stephenson et al., 2020). BHS diets consist primarily of grasses accompanied by forbs
and limited browse (i.e., woody vegetation), varying by geographic location (Martin et
al., 1951). Forage quality and the risk of predation greatly shape habitat use of BHS,
prioritizing areas of steep escape terrain (~60% slopes) within ~300 m of high-quality
forage (Berger et al., 1991; Smith et al., 1991). Often, preferred habitat conditions are
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unavailable and BHS must use lower quality areas at the expense of their safety and/or
nutritional needs.
These habitat characteristics are especially critical to BHS ewes during and after
parturition to withstand the energy costs of lactation while providing safety for newborn
lambs (Festa-Bianchet et al., 2019). Lactating ungulates can experience up to a 150%
increase in daily energetic demands during lactation compared to their maintenance
demands, making access to high-quality forage and the accumulation of fat reserves
critical (Loudon, 1985; Blanchard, 2005; Stephenson et al., 2020). During times of
positive energy balance (i.e., energy intake exceeds demands), fat is stored to use during
a negative energy balance (i.e., when nutritional needs are not met; Stephenson et al.,
2020). BHS are capital breeders that typically don't reproduce until they have reached a
threshold condition and seasonally rely on fat reserves during periods of forage scarcity
(Festa-Bianchet et al., 1998; Stephenson et al., 2020). Quantifying fat reserves and
overall body condition by ultrasonography and body palpations can provide more precise
data than body mass alone. Body mass has historically been the most widely used metric
to assess an animal's nutritional condition but is typically representative of medium and
long-term nutritional condition, rather than short-term subtle nutritional changes (FestaBianchet et al., 1998; Stephenson et al., 2020).
Nitrogen is an obligatory nutrient for the growth and reproduction of animals and
can be extremely limited in the body during these events (Barboza et al., 2009).
Measuring nitrogen levels in an animal's diet through fecal nitrogen is a validated noninvasive methodology to index the diet quality of ruminants (Barboza et al., 2009,
Blanchard et al., 2003, Leslie et al., 2008, Monteith et al., 2014). Dietary nitrogen from
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food is absorbed during digestion, but only a fraction is metabolized and the rest is
expelled in feces. The nitrogen expelled in feces is a combination of four different types:
indigestible, free, metabolic, and microbial (Monteith et al., 2014). Forage with high
amounts of nitrogen will result in higher fecal nitrogen due to the increased nitrogen
expelled with indigestible nitrogen in feces. The fecal nitrogen concentration correlates to
the consumed diet's digestibility (Barboza et al., 2009).
Metabarcoding is a technique to evaluate an animal's diet composition from feces
when observing foraging patterns is not practical, such as in migratory BHS herds
(Valentini et al. 2009). This methodology extracts DNA from the fecal sample to identify
and quantify the taxa present in their diet (Valentini et al., 2009). Identifying diet quality
and composition can give valuable insight into the dietary capacity of a given habitat and
can help direct habitat management efforts.
This study focused on the Rapid City, South Dakota BHS herd, which has
experienced significant mortality due to pneumonia since 2009 (Smith et al., 2014;
SDGFP, 2018). The herd decreased from 106 individuals in 2010 to 34 (22 ewes and 12
rams) in 2018, primarily due to pneumonia (SDGFP, unpublished data). At the start of
this project in March 2020, there were 14 adult ewes, two ewe lambs, eight adult rams,
and two ram lambs in this herd. Although recruitment increased post-pneumonia
epidemic (SDGFP, unpublished data), we observed that not all sexually mature ewes
produced a lamb annually and signs of poor winter body condition was apparent in ewes
and rams (i.e., hip bones and vertebrae visually detectable). Additionally, we observed
regular consumption of anthropogenic food sources in the winter, primarily pastries put
out by a local landowner. It was unclear if the BHS rely on this food source, and since
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feeding wildlife in South Dakota is legal if the intent is not for hunting we could not
manipulate this practice. Our primary objective was to quantify body condition, and diet
quality and composition of the BHS ewes (n = 14) in the Rapid City BHS herd postpneumonia epizootic to better understand the current herd productivity. Further, we
focused on how a ewe's lactation status (i.e., lactating or not lactating) affected its
digestive capabilities and diet selection. Due to the low number of samples collected over
one field season, we hypothesized that we would observe limited variation in body
condition, diet quality, and diet composition. However, this study provided an additional
case study that illuminates diet composition differences between lactating and nonlactating ungulates and further exploration into this could help direct habitat management
efforts, especially in areas used exclusively during the lambing season.
METHODS
STUDY AREA
We collected data from March 2020 to August 2020 in the east-central Black
Hills National Forest in Pennington County, South Dakota (Study boundaries: NW
44°05'18.5"N 103°38'32.8"W, NE 44°04'35.5"N 103°18'29.2"W, SW 43°57'54.1"N
103°23'40.5"W, SE 43°58'46.2"N 103°17'06.8"W; Figure 1). The Black Hills National
Forest has an elevation gradient of 1,065–2,207 m above mean sea level and spans
northeastern Wyoming and southwestern South Dakota, extending ~200 km north to
south and 100 km east to west (Hoffman and Alexander, 1987). Temperatures varied
from -28 to 40°C, with an average high of 14°C, an average low temperature of 0.2°C, an
average wind speed of 16 kph, and ~105 cm of total precipitation (NOAA, 2021). The
Black Hills are dominated by ponderosa pine (Pinus ponderosa) and accompanied by
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Black Hills spruce (Picea glauca), paper birch (Betula papyrifera), and quaking aspen
(Populus tremuloides) (Hoffman and Alexander, 1987). Lehman et al. (2017) identified
that needle and thread grass (Stipa comata), green needlegrass (Stipa viridula), western
wheatgrass (Pascopyrum smithii), blue grama (Bouteloua gracilis), little bluestem
(Schizachyrium scoparium), Kentucky bluegrass (Poa pratensis) and smooth brome
(Bromus inermis) were common grass species that are foraged by bighorn sheep in the
Black Hills. Additional common potential forage species in the Rapid City BHS range
include intermediate wheatgrass (Thinopyrum intermedium), timothy (Phleum pratense),
buffalograss (Buchloe dactyloides), yucca (Yucca glauca), common yarrow (Achillea
millefolium), and various sageworts (Artemisia sp.), though this list is not exhaustive
(personal field observation). Potential BHS predators in our study area included mountain
lions (Puma concolor), bobcats (Lynx rufus), coyotes (Canis latrans), and golden eagles
(Aquila chrysaetos) (Smith et al., 2014a, 2014b).
This population is collectively called the Rapid City herd and consists of two
subherds: Rapid Creek and Spring Creek. Although these sub-herds were not
geographically isolated, they rarely commingle. Both subherds primarily occupy
residential areas in winter, and ewes travel to rocky slopes adjacent to Spring Creek or
Rapid Creek, according to their respective sub-herd, in the late spring and early summer
to bare lambs, whereas rams remain in the same range for most of the year. The Rapid
Creek sub-herd is the only sub-herd in the Rapid City BHS herd considered migratory,
with ewes traveling upwards of 32 km for parturition. There are five BHS herds within
100 km of the Rapid City BHS herd: Deadwood, Custer State Park, Badlands National
Park, Elk Mountain, and Hell Canyon (SDGFP, 2018).
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Current BHS habitat management concerns in the Black Hills include the
availability of high-quality forage and conifer encroachment on valuable grazing
meadows and escape terrain (SDGFP, 2018). The dominance of ponderosa pines in the
Black Hills and their quick-growing saplings present management problems in BHS
habitat, such as decreased forage availability and encroachment into valuable BHS
corridors (Lehman et al., 2017). Cattle grazing is also common in the Black Hills, and
forage competition and degradation from over-grazing are management concerns.
ANIMAL CAPTURE
We captured and immobilized adult BHS ewes (BAM; 0.43 mg/kg Butorphanol,
0.29 mg/kg, Azaperone, 0.17 mg/kg Medetomidine; reversed with antagonists
Atipamezole and Naltrexone; Wildlife Pharmaceuticals, Inc., Windsor, CO) by ground
darting (Pneu-dart G2 X-Caliber projector and a Pneu-dart 2 CC type U RDD remote
drug delivery; Pneu-dart, Inc., Williamsport, PA). All adult ewes had very high frequency
(VHF) collars (M2520B or M2230A; Advanced Telemetry Systems). Additionally, each
adult ewe had a color tag with unique numbers and a herd-referenced color on its collar
and ear. Collar and ear tags were affixed on opposite sides of the ewe to ensure that
optics could identify the ewe from most angles. We determined the pregnancy status of
adult ewes with ultrasonography (E.I. Medical Imaging IbexTM Portable Ultrasound; E.I.
Medical Imaging, Loveland, CO ) and, if pregnant, deployed a vaginal implant
transmitter (VIT) that signaled expulsion if the temperature was < 28⁰ C (M3930;
Advanced Telemetry Systems, Isanti, MN). Animal handling was conducted in
accordance with the South Dakota State University Institutional Animal Care and Use
Committee (IACUC) approved protocol 19-005A.
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DATA COLLECTION: BODY CONDITION
We used an ultrasonography transducer (E.I. Medical L6.2) and body palpations
to obtain body condition data during anesthetized capture in March and April 2020. We
collected body condition data once for each ewe where we measured maximum rump fat
thickness, longissimus dorsi thickness between the 12th and 13th rib, and assigned an
overall body condition score (BCS) between 0.5 and 6.0 (Cook et al., 2007, 2010;
Stephenson et al., 1998, 2020; Figure 2)
DATA COLLECTION: FECAL SAMPLES
We collected individual-specific fecal samples directly from the anus during
chemical immobilized capture and opportunistically while surveying and monitoring the
herd. For opportunistic fecal sample collection, we monitored the individual or group
with a spotting scope, noted each individual's location, and waited to observe defecation.
If we observed defecation, we collected the fecal sample immediately. We aimed to
collect four fecal samples from each BHS ewe: before parturition, at parturition, three
weeks post-parturition, and six weeks post-parturition. If ewes were not pregnant, we still
collected four fecal samples: early spring, early summer, and two collected three weeks
apart in mid to late summer. We placed fecal samples in two uniquely labeled containers:
a plastic vial from Jonah Ventures (Boulder, CO) for metabarcoding analysis and a
WHIRL-PAK® bag for fecal nitrogen analysis at Washington State University School of
the Environment, Wildlife Habitat and Nutrition Laboratory (Pullman, Washington;
WSU WHNL). We froze all samples after collection.
FECAL NITROGEN ANALYSIS
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We dried the samples in a 50°C oven and weighed them before shipping the
samples to WSU WHNL for the fecal nitrogen analysis. All samples were required to
weigh ≥ 1 g. At WSU WHNL, samples received a neutral detergent fiber rinse, which
removed all bodily tissue and digestible plant material excreted with the feces, leaving
only the fiber-bound undigested nitrogen. Then, a Kjeldahl extraction was conducted to
determine the total fecal nitrogen present and used these values as an index of diet quality
(Jackson, 1958, Monteith et al., 2014).
METABARCODING ANALYSIS
We shipped frozen samples to Jonah Ventures, and they extracted DNA from the
samples and amplified amplicons using c-h primers of the trnL intron in plant chloroplast
specific to a broad taxonomic group (Valentini et al., 2009; Craine, 2021). Next, unique
DNA fragments were attached to each amplicon, indexed to their sample of origin,
sequenced, and matched against GenBank® reference database to identify the plant
taxonomy present (Benson et al., 2012; Craine, 2021). Exact Sequence Variant (ESV)
unique identifiers correspond to taxonomic rankings in each sample. The resulting
taxonomic rankings were as specific as possible, with a corresponding percentage
identifying how many base pairs in the sequence were aligned with the given taxonomic
level. Additionally, the results included the number of species that matched the resulting
sequence (i.e., a sequence resulting in the family Pinaceae would represent numerous
species). The initial results provided the number of times a given sequence was read in
each sample. We then relativized the data by summing all of the ESVs of a sample and
then dividing the number of reads of each ESV by the sum to get percentages. We
narrowed our results to the top 50 ESVs and removed any erroneous results (i.e.,
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resulting species that do not occur in this region) to focus on the major plant species
consumed.
Based on Leslie et al. (1983), we conducted a literature review to identify the
estimated percent digestibility for each ESV to help reduce the bias of differential
digestibility on microhistological techniques. When the digestibility of a consumed
forage is not considered, diet composition estimates can be inaccurate, leading to over- or
underestimations. If a resulting ESV did not identify species, we assigned a local species
in the resulting taxa and searched for a corresponding percent digestibility in literature
(Larson and Johnson, 2007). If we could not find digestibility data for a desired species,
we used data from a similar species. We used digestibility values that were calculated
using seven methods: in vitro dry matter digestibility (Robbins and Moen, 1975; Uresk et
al., 1975; Person et al., 1980; Leslie et al., 1984; Bosworth et al., 1986; Plumb and Dodd,
1993; Wilman and Riley, 1993; Richardson et al., 2006), in vivo digestibility (Odeyinka
et al., 2006), nylon bag dry matter digestibility (Blair et al., 1977; Person et al., 1980;
Renecker and Hudson, 1988), in vitro digestibility of cellulose (Bezeau and Johnston,
1962; Torgerson and Pfander, 1971), digestibility coefficient (Waldbauer, 1964),
pepsin/cellulase digestibility and rumen-liquor digestibility (Choo et al., 1981), total
digestible nutrients (Shaltout et al. 2014). We then used the acquired digestibility value
(% digestibility) to calculate the differential true digestibility for each ESV in a sample:
%𝑜𝑓𝐸𝑆𝑉𝑖𝑛𝑠𝑎𝑚𝑝𝑙𝑒 × %𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙𝑡𝑟𝑢𝑒𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦

We categorized each resulting differential true digestibility as either grass, forb, or
browse. If it could fit into more than one category, we chose a category based on which
type of species in that taxa were utilized more often by the Rapid City BHS herd. Lastly,
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we summed the quantity of grasses, forbs, and browse in each sample separately and used
these values in our statistical analysis.
To identify any statistical differences in diet components, we preformed two chisquared goodness-of-fit tests. The first analyzed seasonal differences in diet components,
and the second analyzed diet component differences between lactating and non-lactating
ewes.
STATISTICAL ANALYSIS
For the ith fecal sample (ewe specific), we analyzed fecal nitrogen and diet
composition results in Program R (R Core Team, 2021) using Markov Chain Monte
Carlo (MCMC) methods in the package NIMBLE (de Valpine et al., 2017; NIMBLE
Development Team, 2021). In Nimble, we utilized models written in the BUGS model
language to perform a Bayesian beta regression and performed variable selection via a
Bayesian lasso.
We used seven covariates: lactation status, take method, sub-herd, age in 2020,
grasses, browse, and forbs to model the effects of each on our response variable, the
proportion of fecal nitrogen present in ewe-specific fecal samples. We treated "lactation
status" as a constant binary covariate where ewes that were not lactating (i.e., notpregnant, pregnant, or lost their lamb) were assigned a zero, and lactating ewes were
assigned a one. We treated "take method" as a constant binary covariate where fecal
samples collected directly from the anus were assigned a zero and samples collected off
the ground were assigned a one. We treated "sub-herd" as a constant binary covariate
where ewes from the Rapid Creek sub-herd were assigned a zero and ewes from the
Spring Creek sub-herd were assigned a one. We treated "age in 2020" as a numeric
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covariate that varied by age in years for each ewe in 2020. The covariates grasses,
browse, and forbs were treated as numeric covariates and were defined as the summation
of the differential true digestibilities for each forage category present in each fecal
sample.
We used the beta regression model 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑁𝑖𝑡𝑖 ~𝑑𝑏𝑒𝑡𝑎(𝛼𝑖 , 𝛽𝑖 ) where 𝛼𝑖 =
𝜇𝑖 𝑥𝜑 and 𝛽𝑖 =  (1 −  𝜇𝑖 )𝑥𝜑, to estimate the effects of our covariates on our response
variable, the proportion of fecal nitrogen in the ith sample. Further, 𝜑 is a term used to
parameterize the beta distribution to allow modeling of the mean (𝜇𝑖 ) for the ith fecal
sample:
𝜇i = β0+ βlactation x lactationi + βtake x takei + βsub-herd x sub-herdi + βage in 2020 x age
in 2020i x βgrasses x grassesi x βbrowse x browsei x βforbs x forbsi.
To complete the Bayesian specification of our analysis, we used weakly
informative priors for 𝜏 and 𝜑, and Laplace priors for β to permit variable selection using
a Bayesian lasso (Park and Casella, 2008; Kyung et al., 2010, Hefley et al., 2017).
Specifically, we used the following priors for each parameter:
𝜏~𝑑𝑔𝑎𝑚𝑚𝑎(0.01, 0.01)
𝛽0 ~𝑑𝑛𝑜𝑟𝑚(0,0.001)
1
𝜷~𝑑𝑑𝑒𝑥𝑝 (0, )
𝜏
𝜑~𝑑𝑔𝑎𝑚𝑚𝑎(1, 1),
where 𝜏 was the precision term, 𝛽0 was the intercept term, 𝜷 was a B-length vector of the
remaining covariates described above, and 𝜑 was as previously described.
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Finally, during estimation, we ran 3 MCMC chains for 100,000 iterations and a
10,000 burn-in period (Ruppert et al., 2003). We inspected trace plots and the posterior
distribution of each parameter in our models to check for non-convergence.
RESULTS
SAMPLE COLLECTION
We collected 38 samples from 14 BHS ewes from March–August 2020: nine in
winter (March 2–10, 2020), 20 in spring (April 4–June 21, 2020), and eight in summer
(July 9–August 12, 2020; Table 2). Twenty-six samples were from nine ewes in the
Rapid Creek subherd, and 12 were from five ewes in the Spring Creek subherd, with
samples per individual ranging from two to four (mean = 2.7). We collected 23 samples
off the ground and 15 directly from the anus. We collected 13 samples from lactating
ewes and 25 samples from non-lactating ewes. The mean age of sampled ewes was nine
years (range 3–16 years).
BODY CONDITION
We assigned a BCS to all 14 ewes (Table 1), but due to logistic issues (e.g.,
equipment failures) we only obtained maximum rump fat thickness and longissimus dorsi
measurements from 11 ewes. All body condition metrics were collected March–April
2022. Mean values for all ewes sampled (n = 14) were 0.2 cm for rump fat thickness, 3.4
cm for longissimus dorsi thickness, and 2.7 for overall BCS. The standard deviation for
all ewes was 0.17 cm for rump fat thickness, 0.41 cm for longissimus dorsi thickness, and
0.81 for overall BCS. The mean values for ewes that birthed lambs in 2019 and 2020 (n =
9; 5/9 ewes in 2019 and 7/9 ewes in 2020 had lambs survived to 6 months; Table 1) were
0.3 cm for rump fat thickness, 3.4 cm for longissimus dorsi thickness, and 2.8 for overall
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BCS. The mean values for ewes that did not birth a lamb in 2019 (n = 3) were 0.10 cm
for rump fat thickness, 3.3 cm for longissimus dorsi thickness, and 2.2 for overall BCS.
The mean values for ewes that did not birth a lamb in 2020 (n = 3) were 0.07 cm for
rump fat thickness, 3.1 cm for longissimus dorsi thickness, and 1.8 for overall BCS. The
mean values for ewes that did birth a lamb in 2019 and 2020 (n = 2) were 0.05 cm for
rump fat thickness, 3.20 cm for longissimus dorsi thickness, and 1.75 for overall BCS.
Overall, ewes who did not birth lambs in 2019 and 2020 had the lowest body condition
values in 2020 and were 14 and 16 years old in 2020 (Table 1; Ewe ID 2 and 3).
Conversely, ewes who birthed lambs in 2019 and 2020 had the highest body index values
in 2020.
FECAL NITROGEN
All 38 samples submitted for the fecal nitrogen analysis produced results (Table 2). The
overall mean percent fecal nitrogen was 2.41%, 2.62% for lactating ewes, and 2.29% for
non-lactating ewes. The minimum percent fecal nitrogen was 0.69% and the maximum
was 3.84%, both values belonged to lactating ewes. The standard deviation of the data
was 0.86%.
METABARCODING
We excluded two samples from our analysis because one failed to amplify and one
provided minimal data. Of the 36 samples we analyzed, there were 581 ESVs
representing 32 orders, 59 genera, and 57 species. The top 50 ESVs represent 48 unique
taxonomic groups (Tables 3 and 4). The two ESVs removed were phylum Stephophyta,
which is an extremely broad taxonomic group and is, therefore, uninformative, and
Boykinia richardsonii because it does not occur in South Dakota or any surrounding
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states, nor does any species within the genus. We kept Rubus coreanus in the top ESVs
because there are multiple native Rubus spp. in the Black Hills (i.e., Rubus ideaus, Rubus
parviflorus, Rubus pubescens; Larson and Johnson, 2007). The genus Pinus (57 species),
the family Rosaceae (34 species), and the family Anacardiaceae (10 species) were the top
three ESVs, respectively, which accounted for 39.6% of the diets after accounting for
digestibility (Table 3). The mean diet composition of samples was 15.0% grasses, 12.6%
forbs, and 72.4% browse. The overall diet composition for lactating ewes was 86.8%
browse, 10.6% forbs, and 2.6% grasses (Figure 4). Whereas the diet of non-lactating
ewes was comprised of 58.3% browse, 14.7% forbs, and 27.0% grasses (Figure 4). We
found no significant differences in diet components between lactating and non-lactating
ewes (χ22 = 0.6, P = .73).The utilization of browse species was highest in the spring
(80.6%), followed by summer (78.6%) and winter (42.0%; Figure 5). Grass (39.2%) and
forb (18.8%) consumption was highest in the winter (Figure 5). We found no significant
seasonal differences in diet components (χ24 = 5.1, P = .28).
DATA ANALYSIS
Based on the estimated posterior mean and the corresponding 95% credible
intervals, no covariates significantly affected fecal nitrogen, including lactation (Table 5).
The resulting 0.019 [CI -0.242, 0.327] mean for lactation status provided no inference on
lactation's influence on fecal nitrogen. A ewes' age in 2020 had an association with fecal
nitrogen (-0.008 [CI -0.203, 0.178]), but the effect was equivocal. Ewes in the Spring
Creek subherd had an insignificant negative effect on fecal nitrogen (-0.000 [CI -0.272,
0.270]). Take method suggested that collecting samples from the ground had a negative
association with fecal nitrogen (-0.005 [CI -0.287, 0.267]), compared to samples taken
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directly from the anus, though again, samples sizes varied (ground, n = 23; anus, n = 13).
Browse and forbs resulted in negative means, -0.009 [CI -0.214, 0.176] and -0.020 [CI 0.226, 0.151], respectively, which corresponded to an insignificant decrease in fecal
nitrogen, while grasses resulted in a positive mean, 0.003 [CI -0.195, 0.198],
corresponding to an insignificant increase in fecal nitrogen. The mean variance illustrated
little variation between samples from the sample mean (0.031 [CI 0.003, 0.145]).
DISCUSSION
Our assessment of body condition and diet quality, and composition of the Rapid
City BHS herd provided only descriptive insight into their relationship with productivity.
Though we didn't explore specific connections between the herds productivity and their
prior pneumonia exposure, we were able to assess the herd's current reproductive,
digestive, and fat storage capabilities as a baseline for future management of this herd. As
expected, we saw minimal variation in fecal nitrogen between individuals, with a
standard deviation of 0.9% (Table 3; Figure 3). Although these results can be useful to
compare to future datasets for the Rapid City BHS herd, meaningful relationships are
unlikely to be observed with one season of data (Monteith et al., 2014). Further, the lack
of pre-pneumonia epizootic diet and body condition data limited our ability to document
temporal variation and we recommend continual data collection to build a long-term
dataset.
We did not observe consistent relationships between body condition and
reproduction (Table 1). Older ewes between the ages of 14 and 16 years old (Ewe ID 1,
2, and 3; Table 1) were consistently less productive than ewes ≤ 14, although we had one
outlier 6 year old ewe that didn't produce a lamb in 2019 (Ewe ID 12; Table 1). Kenyon
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et al. (2014) suggested a positive relationship between body condition and production
traits (i.e., reproduction, lactation, growth, and survival of offspring) in domestic sheep.
Further, they suggested that it was optimal for ewes to have a BCS of 2.5–3.5 at the time
of breeding and a minimum BCS of two at the time of parturition to have amble reserves
for lactation. Only three ewes in our study were assigned a BCS of less than two; Ewes 2
and 3 were assigned a BCS of 1.8 and did not produce lambs in 2019 and 2020, and ewe
10 was assigned a BCS of 1 but gave birth both years (Table 1). Thus, current data does
not indicate a threshold of body condition of BHS for reproductive productivity for this
population; however, increased sampling and replication may yield better relationships.
Numerous studies have proposed that female ungulates alter their foraging
behavior and digestive capabilities while lactating (Blanchard, 2005; Larue et al., 2022;
Monteith et al., 2014; Rucksuhl and Festa-Bianchet, 1998). For example, Blanchard et al.
(2005) found that BHS ewes adjusted ruminating behaviors based on the presence of an
offspring and increased their rumination efficiency by 1.2 times to compensate for the
additional energetic demands of lactation. Monteith et al. (2014) also reported a similar
relationship in captive white-tailed deer (Odocoileus virginianus), where lactating
females compensated for low-quality diets by increasing dietary nitrogen absorption and
sustaining digestive efficiency, which corresponded to a decrease in the proportion of
fecal nitrogen. The increase in dietary nitrogen extraction is thought to be due to an
overall remodeling of the gastrointestinal tract following parturition (Jenks et al., 1994;
Zimmerman et al., 2006; Monteith et al., 2014). Contrastingly, we observed a 0.3%
higher fecal nitrogen mean in lactating ewes, though this result was equivocal (Tables 2
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and 5; Figure 3). A larger sample size across multiple seasons may reveal if this
phenomenon is happening in the Rapid City BHS herd.
The metabarcoding data component of this study identified that browse
consistently made up a majority of the diets. The highest quantity taxonomic group
identified through our metabarcoding analysis, or rather the highest ESV, Pinus spp. (5
species; Table 3) made up 19.2% of the samples, with a maximum of 28.7% in a sample
and a minimum of 0%. We assumed this ESV was exclusively Pinus ponderosa, the most
predominant pine species in the Black Hills. Consumption of ponderosa pine has also
been observed in winter diets of white-tailed deer in the northern Black Hills, with a
mean diet composition of 10.7% (Osborn and Jenks, 1998), and in the year-long diets of
Rocky Mountain elk (Cervus canadensis nelson), American bison (Bison bison),
pronghorn (Antilocapra americana), mule deer (Odocoileus hemionus), and white-tailed
deer in the southern Black Hills, in Custer State Park (Keller, 2011). Further, Keller
(2011) observed a mean of 17.9% ponderosa pine in white-tailed deer diets and 11.8% of
mule deer diets, with the highest composition in winter white-tailed deer diets (43.4%)
and spring mule deer diets (23.5%). However, we hypothesize that the large diet
composition of pine could be partly attributed to ponderosa pine pollen on ingested
forage species, pollen on collected fecal samples, or bycatch of ponderosa pine needles
from ground thatch (Table 4). The family Rosaceae was the second highest ESV which
comprised 13.4% of the diets and was categorized as browse. Rosaceae includes
numerous local species, such as chokecherry (Prunus virginiana), Saskatoon and low
serviceberry (Amelanchier alnifolia and humilis, respectively), wild rose species (Rosa
spp.), wild spiraea (Spiracea betulifolia var. lucida), and red raspberry (Rubus ideaus;
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Larson and Johnson, 2007). Rosaceae species are commonly identified in BHS diets
(Wikeem and Pitt, 1992; Wagner and Peek, 2006; Jung and Clyde, 2014). The family
Anacardiaceae (10 species; Table 3) was the third highest ESV, which made up 7.0% of
the samples and was categorized as browse, based on local species from Larson and
Johnson (2007) (skunkbrush (Rhus aromatica), smooth sumac (Rhus glabra), and poison
ivy (Toxicodendron rybergii)). We found no available BHS diet composition literature
that attested to the significance of Anacardiaceae, though multiple species have been
reported in the diets of white-tailed deer (Torgerson and Pfander, 1971). We observed
some seasonal variation in forage type between all of the samples, though browse was
consistently a majority of the diets, with the highest browse composition in spring (Figure
5). Consistent with our diet composition data (Figure 5), Wikeem and Pitt (1979)
reported browse was 65% of California BHS (Ovis canadensis californiana) diets during
May–August. Similarly, Rominger et al. (1988) identified browse as most of the
Waterton Canyon, Colorado BHS herd summer diets (73–94%).
We identified that lactating ewe diets from May–August, 2020 collectively
consisted of 86.8% browse, 2.6% grasses, and 10.6% forbs, while non-lactating ewes
collectively consisted of 58.3% browse, 27.0% grasses, and 14.7% forbs (Figure 4).
Contrastingly, Lehman et al. (2017) quantified 44.0% grass, 23.8% forb, and 15.7%
shrubs being available to ewes in the Hell Canyon BHS herd in the southern Black Hills.
These results were surprising due to the presumed similarities in available habitat
between the Rapid City BHS herd and the neighboring Hells Canyon BHS herd. Our
results highlighted that browse species might be the preferred forage of the Rapid City
BHS herd, particularly to lactating ewes. Although we are unsure as to why lactating
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ewes consumed larger amounts of browse, we hypothesize that lactating ewes in our
study prioritized high quality escape terrain when choosing their lambing grounds, where
browse species were more abundant and safely accessible. Further, we believe that
lactating ewes ate larger quantities of available browse to account for their generally
lower digestibility to meet lactation demands. This was dissimilar to Jenks et al. (1994)
who suggested that lactating female white-tailed deer sought areas with abundant forage
to best support them during lactation. It is uncertain if the large consumption of browse
was indicative of poor habitat quality and if this may impact reproductive potential.
Although we observed high pregnancy rates throughout our study (77%), further data
collection could help illuminate long-term impacts of elevated browse consumption in the
Rapid City BHS herd.
We acknowledge several limitations in our study. First, the small sample sizes of
individuals used in this study and collected samples greatly our ability to evaluate trends.
With only a year of data, we could not identify any differences in seasonal variation (e.g.,
temperature, precipitation, plant germination). Second, identifying individual-specific
fecal samples when ewes were congregated in nursery groups, even with close
observation, presented further uncertainty when collecting ground samples. Third, the
inaccessibility to necessary digestibility values from current literature for calculating the
differential true digestibility may have biased results. Further, using digestibility values
derived from seven different methods could have propagated error further. In contrast to
our methodology, Leslie et al. (2008) calculated digestibility via in-vitro methods instead
of relying on literature, resulting in more accurate differential digestibility values.
Finally, due to the subjective nature of observational body condition scoring with body
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palpations and the limited training for personnel, our body condition data may be biased
by the data collector (Cook et al., 2007). The assignment of a BCS can be hard to gauge
consistency among assessments and would need to be done repeatably to truly see the
effectiveness of this technique (Kenyon et al., 2014).
Nevertheless, this study provided additional data to illustrate diet composition
differences between lactating and non-lactating ungulates and further exploration of this
could help direct habitat management efforts, especially in areas used exclusively during
the lambing season.
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1

Table 1: Body condition results from 14 ewes within the Rapid City, South Dakota bighorn sheep herd
from March–April 2020. Body condition metrics were measured with ultrasonography and body
palpation. We included maximum rump fat thickness (cm), longissimus dorsi thickness (cm), and an
overall body condition score. We also included each ewe's age in 2020 and reproductive data from 2019
and 2020 to observe any relationships between their reproductive productivity and body condition.

We euthanized ewe 8 prior to her giving birth to her lamb due to her active pneumonia.
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Table 2: We collected 38 fecal samples (13 from lactating ewes and 23 from nonlactating ewes) from 14 ewes within the Rapid City, South Dakota bighorn sheep herd
from March-August 2020 to quantify their diet quality (% fecal nitrogen).
Ewe ID
1
1
1
1
2
2
2
3
3
4
4
4
5
5
5
6
6
7
7
7
8
8
9
9
9
9
10
10
11
11
12
12
13
13
13
14
14
14
1

Sample
Number
1
21
3
4
1
2
3
1
2
1
2
3
11
2
3
1
2
1
2
3
1
2
1
2
3
4
1
2
1
2
1
2
1
2
3
1
2
3

Collection
Date
3/9/2020
4/30/2020
8/4/2020
8/12/2020
3/6/2020
4/14/2020
6/17/2020
4/9/2020
6/17/2020
4/6/2020
5/17/2020
6/17/2020
3/2/2020
6/18/2020
7/13/2020
3/8/2020
6/21/2020
3/10/2020
5/24/2020
7/13/2020
4/2/2020
5/8/2020
3/4/2020
6/20/2020
7/13/2020
8/4/2020
4/30/2020
7/9/2020
4/6/2020
6/2/2020
3/6/2020
5/18/2020
3/5/2020
5/18/2020
6/21/2020
3/8/2020
6/21/2020
7/16/2020

Collected
Location
Anus
Anus
Ground
Ground
Anus
Ground
Ground
Anus
Ground
Anus
Ground
Ground
Anus
Ground
Ground
Anus
Ground
Anus
Ground
Ground
Anus
Anus
Anus
Ground
Ground
Ground
Ground
Ground
Anus
Ground
Anus
Ground
Anus
Ground
Ground
Anus
Ground
Ground

Lactating

Subherd

No
No
No
No
No
No
No
No
No
No
Yes
No
No
Yes
Yes
No
Yes
No
Yes
Yes
No
No
No
No
No
No
No
Yes
No
Yes
No
Yes
No
Yes
Yes
No
Yes
Yes

Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Spring Creek
Spring Creek
Spring Creek
Spring Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek
Rapid Creek

2020
Age
15
15
15
15
16
16
16
14
14
11
11
11
9
9
9
8
8
10
10
10
7
7
8
8
8
8
8
8
4
4
7
7
3
3
3
3
3
3

These samples were excluded from our analysis because they failed to produce
metabarcoding results.

% Fecal
Nitrogen
2.31
2.98
2.56
2.50
3.01
1.49
3.07
2.56
3.05
2.18
2.05
3.12
1.62
3.36
0.70
1.58
1.93
1.65
3.60
0.69
2.21
3.14
1.53
3.18
0.76
2.39
3.39
2.82
2.11
3.84
1.83
3.66
1.53
2.35
3.00
1.62
3.83
2.34
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Table 3: The top 48 exact sequence variants from our metabarcoding diet
composition analysis calculated from 36 fecal samples collected from 14 ewes in
the Rapid City, South Dakota, bighorn sheep herd from March–August, 2020.
The proportion of all samples represents the proportion of the respective
taxonomic group or exact sequence variant within all 36 samples. "Number of
species" indicates the number of species that match the exact sequence variant
and is not region specific.
Family
Pinaceae
Rosaceae
Anacardiaceae
Rosaceae
Poaceae
Vitaceae
Poaceae
Poaceae
Anacardiaceae
Grossulariaceae
Asteraceae
Poaceae
Fabaceae
Ulmaceae
Rosaceae
Asteraceae
Asteraceae
Apocynaceae
Grossulariaceae
Scrophulariaceae
Euphorbiaceae
Rosaceae
Thuidiaceae
Betulaceae
Grossulariaceae
Betulaceae
Fabaceae
Rosaceae
Poaceae
Onagraceae
Fagaceae
Rosaceae
Poaceae
Cornaceae
Onagraceae
Asteraceae
Poaceae
Polygonaceae
Fabaceae
Anacardiaceae
Oxalidaceae
Poaceae
Pinaceae
Polygonaceae

Genus

Species

Pinus

Rubus
Bromus

Toxicodendron
Ribes
Artemisia
Bromus

Rubus idaeus
Bromus inermis

Ribes alpinum
Bromus pumpellianus

Prunus

Ribes
Verbascum
Euphorbia

Ribes lacustre
Verbascum speciosum

Abietinella
Betula
Ribes
Medicago
Rubus

Medicago lupulina
Rubus coreanus

Oenothera
Quercus
Bromus
Cornus

Persicaria
Glycyrrhiza
Rhus
Oxalis
Pinus
Persicaria

Persicaria amphibia

Persicaria amphibia

Number of
Species
57
34
10
1
1
28
81
66
4
1
5
1
2
12
38
57
75
18
1
1
14
8
2
14
2
3
1
1
41
8
7
48
2
2
8
8
3
1
5
2
2
34
5
1

Proportion of
all Samples
0.19
0.13
0.07
0.07
0.07
0.04
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
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Onagraceae

Chamaenerion

Anacardiaceae
Cupressaceae
Anacardiaceae

Rhus
Juniperus

Chamaenerion
angustifolium

1

0.00

2
21
10

0.00
0.00
0.00

Table 4: Percent digestibility values used to calculate the differential true digestibility for each resulting exact sequence
variant (ESV) from our metabarcoding diet composition analysis. Accompanied are the corresponding forage type, species,
methodology, and source used. Forage type was determined by the species within the ESV most often consumed by the
Rapid City BHS herd. % Digestibilities with multiple species, methods, and/or sources were averages of multiple
digestibility values.
Top ESVs
Euphorbia spp.
Medicago lupulina
Family Betulaceae
Betula spp.
Rubus idaeus
Rubus coreanus
Artemisia spp.
Family Fabaceae

Forage type
Browse
Forb
Browse
Browse
Browse
Browse
Forb

Euphorbia esula
Medicago sativa
Betula paperifera
Betula paperifera
Rubus idaeus var. strigosus
Rubus idaeus
Artemisia gnaphalodes

Forb

Medicago sativa
Desmodium glutinosum

Cornus spp.

Browse

Family Rosaceae

Browse

Toxicodendron spp.

Browse

Ribes alpinum
Ribes lacustre
Bromus pumpellianus
Glycyrrhiza spp.

Browse
Browse
Grass
Forb

Family Poaceae

Grass

Quercus spp.
Family Asteraceae

Browse
Forb

Browse

Cornus racemosa
Rosa spp.
Rubus idaeus var. strigosus
Rhus radicans
Toxicodendron rydbergii
Ribes spp.
Ribes spp.
Bromus pumpellianus
Glychyrhizza lepiodota
Bromus inermis/
Bromus pumpellianus
Quercus phellos
Taraxacum officinale/
Artemisia gnaphalodes/
Rudbeckia hirta/ Solidago
nemoralis
Parthenocissus quinquefolia/
Vitis aestivalis

%
Digestibility
71.30
63.1
62.05
62.05
58.43
58.43
57.10

Method Used

Source

55.11

In vitro dry matter digestibility
Richardson et al., 2006
In vitro dry matter digestibility
Wilman and Riley, 1993
In vitro dry matter digestibility
Robbins and Moen, 1975
In vitro dry matter digestibility
Robbins and Moen, 1975
Nylon bag dry matter digestibility Renecker and Hudson, 19881
Nylon bag dry matter digestibility Renecker and Hudson, 19881
In vitro digestibility of cellulose
Bezeau and Johnston, 1962
Torgerson and Pfander,
In vitro digestibility of cellulose
1971;
In vitro dry matter digestibility
Wilman and Riley, 1993;
In vitro dry matter digestibility
Robbins and Moen, 1975

62.02

Nylon bag dry matter digestibility Renecker and Hudson, 19881

53.10

In vitro digestibility of cellulose

56.25

Torgerson and Pfander, 1971

50.60
50.60
50.32
49.75

Nylon bag dry matter digestibility Renecker and Hudson, 19881
Nylon bag dry matter digestibility Renecker and Hudson, 19881
In vitro digestibility of cellulose
Bezeau and Johnston, 1962
In vitro dry matter digestibility
Plumb and Dodd, 1993

47.75

In vitro digestibility of cellulose

Bezeau and Johnston, 1962

47.75

In vitro dry matter digestibility
In vitro digestibility of
cellulose; In vitro digestibility
of cellulose;
In vitro dry matter digestibility

Robbins and Moen, 1975

46.94

46.63

In vitro digestibility of cellulose

Bezeau and Johnston, 1962;
Torgerson and Pfander, 1971;
Wilman and Riley, 1993
Torgerson and Pfander, 1971
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Family Vitaceae

Species Used

Bromus inermis
Verbascum speciosum
Family Ulmaceae

Grass
Forb
Browse

Bromus inermis
Verbascum thapsus
Ulmus americana
Funtumia latifolia/
Rauvolfia vomitoria Afzel.

45.18
31.50
41.80

Family Apocynaceae

Browse
Forb

Chamaenerion angustifolium

34.66

Pinus spp.

Browse

Pinus echinata/ Pinus taeda

34.38

Prunus spp.

Browse

26.302

Family Anacardiaceae

Browse

Prunus virginiana
Rhus glabra/ Rhus
aromatica/ Rhus copallina

In vitro digestibility of
cellulose; Nylon bag dry matter
digestibility
In vitro dry matter digestibility

8.17

In vitro digestibility of cellulose

Abietinella abietina

Browse

Hylocomium splendens

11.00

Juniperus spp.

Browse

Rhus spp.

Browse

Juniperus virginiana
Rhus glabra/ Rhus
aromatica/ Rhus copallina
Oenothera laciniata
Oxalis oregana
Persicaria salicifolia
Chamaenerion
angustifolium/ Oenothera
laciniata

Chamaenerion
angustifolium

Oenothera spp.
Oxalis spp.
Persicaria amphibia

Forb
Forb
Forb

Family Onagraceae

Forb

50.44

In vitro digestibility of cellulose
Digestibility coefficient
In vitro digestibility of cellulose
Pepsin/cellulase digestibility
and rumen-liquor digestibility
In vivo digestibility

Bezeau and Johnston, 1962
Waldbauer, 1964
Torgerson and Pfander, 1971
Choo et al., 1981
Odeyinka et al., 2006
Torgerson and Pfander, 1971;
Blair et al., 1977
Uresk et al., 1975
Torgerson and Pfander, 1971

10.20

In vitro dry matter digestibility
and nylon bag dry matter
digestibility
In vitro digestibility of cellulose

Torgerson and Pfander, 1971

8.17

In vitro digestibility of cellulose

Torgerson and Pfander, 1971

64.33
55.00
58.44

In vitro dry matter digestibility
In vitro dry matter digestibility
Total digestible nutrients

Bosworth et al., 1986
Leslie et al., 1984
Shaltout et al., 2014

49.50

In vitro dry matter digestibility;
In vivo digestibility

Bosworth et al., 1986;
Odeyinka et al., 2006

Person et al., 1980

1

We averaged seasonal nylon bag digestibility values from Renecker and Hudson (1981) for the species of interest from all of the available seasons (i.e., winter,
early spring, late spring, summer, autumn) to express an overall % digestibility.
2

We used the species mean from Uresk et al. (1975).

95

96

Table 5: The estimated posterior mean, standard deviation, and the
corresponding 95% credible intervals (CI) for covariates used to
estimate their effects on the proportion of fecal nitrogen present in 36
fecal samples collected March-August 2020 from 14 ewes in the Rapid
City bighorn sheep herd.

Mean

SD

95% CI

β0

-3.000

0.223

-3.429 -2.554

Age in 2020
Browse
Forbs
Grasses
Lactation Status
Sub-herd
Take method
𝜑
𝑣𝑎𝑟1

-0.008
-0.009
-0.020
0.003
0.019
-0.000
-0.005
14.99
0.031

0.090
0.093
0.090
0.095
0.134
0.126
0.130
3.905
0.053

-0.203, 0.178
-0.214, 0.176
-0.226, 0.151
-0.195, 0.198
-0.242, 0.327
-0.272, 0.270
-0.287, 0.267
8.269, 23.49
0.003, 0.145
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Figure 1: The Rapid City bighorn sheep herd range spans the east-central section of the
Black Hills National Forest, South Dakota, USA. Geospatial data for herd range was
supplied from South Dakota Game, Fish, and Parks, and the Black Hills National Forest
boundary data was sourced through the United States Forest Service website (USFS,
2008).
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Figure 2: The datasheet used to determine the body condition score of bighorn sheep
ewes using body palpations in the field March–April 2020, supplied by Thomas
Stephenson and based on methods from Stephenson et al. (2020).
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Figure 3: Percent fecal nitrogen over time separated by lactating and non-lactating ewes.
Results are from 36 fecal samples (13 from lactating ewes and 23 from non-lactating
ewes) from 14 ewes in the Rapid City bighorn sheep herd.
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Figure 4: Diet composition data produced from our metabarcoding analysis that is
separated by percent forage type (grasses, forbs, or browse) and ewe lactation status
(lactating, non-lactating). These results are from 36 fecal samples collected from 14 ewes
in March–August 2020.
100%

% of Diet

80%
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60%

Forbs
Browse
40%

20%

0%
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Non-lacting (n=23)
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Figure 5: Diet composition data produced from our metabarcoding analysis that is
separated by percent forage type (grasses, forbs, or browse) and season (winter, spring,
and summer). These results are from 36 fecal samples collected from 14 ewes in March–
August 2020.
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